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Abstract
The synthesis o f potentially chelating diphosphine monoborane ligands is reported. 
Among these ligands, those o f the type PhiPCHiPh]? BHzX (X = H, Cl, Br) have been 
used to form relatively stable complexes with different transition metal centres, 
including chromium, manganese, ruthenium, rhodium, iridium and copper. In these 
complexes the diphosphine monoborane ligand is coordinated to the metal centre via a 
phosphorus and a weak single or a double 3-center 2-electron B-H-M agostic 
interaction. Different synthetic routes have been used to form these complexes o f  
chelating phosphine boranes, such as the displacement o f weakly bound acetonitrile or 
alkene ligands, and alternatively by halide abstraction. Complexes possessing two B-H- 
M interactions show the ability to change their hapticity from r)^  to r|^  in presence o f a 
donor ligand. The change o f  hapticity is reversible with a weak donor.
These complexes, being operationally unsaturated, have been used to catalyse the Diels 




In the incessant research for new sets o f ligands that can give enhanced activity in 
transition metal mediated catalysis, chelating ligands that can also act as hemilabile 
ligands show significant promise,* and what is better than a ligand that forms a weak 
agostic interaction, that can be readily displaced, to act as a hemilabile ligand?^ The 
principal aim of the research described in this thesis is to use a potentially chelating 
monoborane diphosphine ligand, that in addition to acting as an potentially hemilabile 
ligand, can bring insight into the coordination of a a  B-H bond to a metal centre for 
which only a very small number of stable complexes are known and even less is known 
on their reactivity. This introduction will focus on the synthesis and reactivity o f o- 
complexes and in particularly those involving a B-H o bond.
1.2 a complexes
Since the original discovery o f the first dihydrogen complex by Kubas in 1984 a 
significant number o f complexes in which a o H-X bond (X can be a group 13, 14, 15 
element) acts as a 2e donor have been r e p o r t e d . I n  term of a simple molecular orbital 
description the coordination of the o-bond is stabilised by the back donation from the 
metal d orbital to the o* orbital, comparable with the more classical coordination o f an 
olefin via a ir-bond as proposed by Dewar, Chatt and Duncanson (Figure 1.1)."*
% ' \  /  % )
M-71 bond M ~ a  bond
Figure 1.1: Comparison with the Dewar-Chatt-Duncanson model for 7i-bonding with the bonding in H]
o-com plexes
The back donation stabilises the M-HX bond but weaken the H-X bond by populating 
the o* orbital. In cases where the metal centre is particularly electron rich, complete 
breaking of the H-X bond may occur, resulting in oxidative addition (Figure 1.2).
electrophilic M nucleophilic M
strong o






Figure 1.2: Strength o f  o com plexes
As o-complexes can be viewed as intermediates in the process o f oxidative addition, 
the study o f such complexes plays an important role in the understanding of the 







Figure 1.3: From a  bond to oxidative addition
The understanding of the activation of inert C-H bonds is important for the synthesis of 
more efficient catalysts for C-H transformations. Borane complexes are more stable 
than alkane complexes due to the greater degree o f polizarisation o f the B^^-H^' bond 
making these complexes excellent models for the study of the activation of a o bond.^’^
1.3 Metal o-complex of neutral boranes
Only a handful o f neutral o-borane complexes have been r e p o r t e d . O n  exploring the 
mechanism involved in transition metal mediated hydroboration of alkenes by
organoboranes, Hartwig et al. first isolated a series o f neutral o-borane titanocene 
complexes such as Cp2 Ti(HBcat) 2  (cat = C6 H4 O2 ), as presented in Figure 1.4.*’"
y
Figure 1.4: Cp2 Ti(Hcat) 2
In these complexes the neutral borane is bound to the metal side on, more like silanes 
(RjSi-H) and dihydrogen (H2 ) o-complexes than tetrahydroborate complexes."^ The 
boron atom is not tetrahedral, the Ti, B, and both O atoms lie in the same plane and the 
hydrogen atom is highly distorted from the tetrahedral geometry. Extended Hückel 
calculations show that back donation from the metal does not go to the o* B-H orbital, 
as commonly found in other o-complexes, but rather to a boron p;i orbital, that is lower 
in energy than the o* orbital (Figure 1.5).* This p^  ^ orbital is non bonding with the 
hydrogen atom, so back donation will not promote the breaking of the B-H bond and 
result in oxidative addition.'^ The particular planar geometry o f Ti, B and O can be 
rationalised by the fact that it maximises the back donation from titanium to the boron p 





Figure 1.5: Back donation in Cp2Ti(Hcat)2
Borane complexes are not limited to metals; Sabo-Etienne has reported a similar 
bonding mode in RuH(H2 Bpin)(HBpin)(PCy3 )2 , [HBpin = (Me)4 C2 0 2 B] which 
contains both a o-borane and a dihydroborate ligand (Figure 1.6). Hartwig has further 
extended this area, preparing a series of HBcat and HBpin manganese and rhenium 
complexes (Figure 1.6). As for titanium the distortion o f the hydrogen from the M, B, 










Figure 1.6: metal borane com plexes
1.4 Metal complex of borane-Lewis base adducts.
1.4.1 Synthesis
Shimoi et al. first reported the synthesis of an unsupported neutral monoborane-Lewis 
base adduct o-complex, (CO)5M(ri'-H 3 B-L) (M = Cr, Mo, W and L = NMc3 , PMc3 , 
PPh3 ), which were synthesised by the photolysis of M(C0)6 in presence o f a 
monoborane-Lewis base adduct, L BH3 (Figure 1.7). The chromium and tungsten 
complexes are stable enough to be fully characterised, and in some cases have been 
studied by X- ray diffraction studies.
Coc I ^C O  o ,...  "
o C ^  I  ^ C o  L B H 3
co c
O
M = Cr, Mo, W  
L = NM03, PMeg, PPh3
Figure 1.7: Synthesis o f  unsupported o-com plexes
As for classical o complexes, the M-HB bond results from the donation of 
electrondensity from the o-BH bond to the metal. However, unlike other o complexes 
there is almost no back donation to the a* orbital.^ Evidence of the poor back donation 
is given by the small BH bond elongation (ca. 10%) in comparison to o-complexes of 
silanes (ca. 20%) where back donation is important. This is nevertheless similar to 
unstretched dihydrogen complexes, where back donation plays a significant role in the 
complex stabilisation.^ Additional evidence o f the poor back donation is given by the 
M-C distance of the carbonyl trans to the BH which is shorter than the M-C distance of 
the cis carbonyl. This shortening can be explained by an enhanced back donation to the 
carbonyl due to the poor 71-acidity of the tram  BH 3 group. The enhancement of back 
donation to the carbonyl ligand is confirmed by IR spectroscopy, where the CO ligands 
show a lower stretching frequency than that for equivalent M(C0)6. In spite of the poor 
TT-acidity, monoborane-Lewis base adduct complexes are much more stable than alkane 
complexes. As already mentioned this is due to the greater degree o f polarisation o f the 
B '^^-H^‘ bond.^’^  But the M-HB interaction is still highly labile with the monoborane 
Lewis base adduct dissociating in solution or under high vacuum to liberate L BH3 and 
form a metal containing precipitate.^ Furthermore, L BH 3 is readily displaced in the 
presence of donors such as CO, or by other a-ligands (e.g. HBcat, HSiR3 ), in the case 
o f [CpMn(CO)2 (ti‘-H3 B-L)], to give [CpMn(C0 )2 (L)] (L = CO, H-Bcat, H-SiRj).''' 
Additional evidence of the weakness of the M-H-B bond is given by the high 
fluxionality o f the BH-M link with all the B-H groups equivalent on NMR time scale. 
Details o f the exchange are given in Figure 1.8. For group 6  metal carbonyl complexes 
the exchange cannot be frozen out at -80°C. Ariafard et al. have calculated that the 
bidentate (CO)5 M(q^-H3 B-L) is a possible transition state in this exchange process.^
8 g 8
"■= .o C  \  C o  \ ^ C o  o C  /  C o
Ha /H a Hb
hA  , / < .
Figure 1.8: Exchange process between bridging and terminal hydrogens
Another example o f a o  borane complex is given by the photolysis o f M (C 0 )6  [M = Cr, 
Mo and W] in presence of the potentially bidentate phosphine borane ligand 
B2H4-2PMC3 to give (CO)5M(îi'-B2H4-2PMe3).'^’'^
O
C
O I ^ C O
= , h A „ . .  0 “ .......I .......
q C  I  C o  - C O  \  y H
H \  ''H
M = Cr, Mo, W  PM63
Figure 1.9: Synthesis o f  (C O )5 M(ri'-B 2 H4 -2 PMe3 )
This complex is particularly interesting as all four boron hydrogens are equivalent at
room temperature by NMR spectroscopy, suggesting a rapid exchange of all the
geminal and vicinal BH, as pictured in Figure 1.10. A large difference of observed
coalescence temperatures on cooling shows that the exchange between geminal BH is
faster than the fluxional process involving the vicinal hydrogens.
[M] [M] [M ]^
H ib^ ^H2a fast H ia^  ^H2a slow ^H2a
^,,B------- B.,^ B ---------
M e3P ' " 7  A"H2b M e3P '" 2  \,"''H2b M e jP ' ' '^  V ' H g bH i a  PMea H,i, PMej H,b PMes
Figure 1.10: Fluxional process in (C 0 bCr(T|'-B 2 H4  IPMC])
1.4.2 Reactivity
o Complexes can be considered as being examples of incomplete oxidative addition of 
a H-X bond. By using the strong electro releasing Cp* ligand in Cp*M(CO)]Me (M = 
Mo, W), which leads to an electron rich metal centre, Shimoi et al. reported BH 
activation of HjB-PMcg under photolytic conditions to form a metal boryl complex 
Cp*M(C0 )](BH 2 PMc]) (M = Mo, The mechanism of the formation of the
boryl complex, with the elimination o f C H 4 , can follov/ two routes. It can involve either 
an oxidative addition of BH followed by a reductive elimination of C H 4  (pathway A in 
Figure 1.11), or an o-bond metathesis (pathway B). It is interesting to notice that the 
same two possible mechanisms were proposed for the C -H  activation of alkanes by 
[Cp*Ir(CH3 )(PMe3 )(ClCH2 CI)][BAr4 ''] to form [Cp*Ir(R)(PMe3 )][BAr4 ‘'] (R =
CôHs). In this case the oxidative addition followed by a reductive elimination was 






Figure 1.11: formation mechanism o f  boryl com plex
In the case o f the BH activation, shown above, in the absence o f detailed theoretical 
studies, Shimoi suggested that the o-bond metathesis is more likely, given the high 
energy o f the B-H o* orbital calculated for (CO)5 Cr(H3 B-PH3 ),^ which would need to 
be populated in a mechanism involving oxidative addition.'^ In this latter boryl 
complexes the B^^-M^' bond is strongly polarised, as unlike other tris coordinated boryl 
metal complexes there is no back donation from the metal d orbitals to the vacant p 
orbital on the boron as it is already filled by the phosphorus lone pair. This polarisation 
is reflected in the reactivity of the complex, for example in the presence o f HCl,
Cp*Mo(CO)3(BH2-PMe3) forms Cp*Mo(CO)3H and Me3P-BH2Cl when 
Cp*Mo(CO)3Me forms Cp*Mo(CO)3Cl and CH4,
Shimoi has also reported that the protonation of (CO)4 Mn(PMe2 Ph)(H2 B-PMe3 ), 
formed like the tungsten boryl complex Cp*W(CO)3 (BH2 -PMc3 ), leads to the o 
complex [(CO)4 Mn(PMe2 Ph)(r|'-H 3 B-PMe3 )][BAr4 ''] (Figure 1.12).^' This 
methodology has previously been used for the formation o f silane o-complexes.^^'^^ 
Deprotonation o f the o-complex does not occur when treated with base. The o complex 
is not stable and decomposes to [(CO)4 MnH(PR3 )] and [BH2 PR3 ]  ^ suggesting 
heterolytic cleavage o f the B-H bond. Similar heterolytic cleavage have been reported 
for H-H and Si-H complexes with electron deficient metal centres.^^’^  ^The heterolytic 
cleavage is explained by a strong o donation from the B-H bond to the electron 
deficient metal centre that weakens the B-H bond, and is therefore activated to 
heterolytic cleavage. This heterolytic activation is also coupled with the lack of 
backdonation into the a* orbital that would favour a homolytic cleavage.
Or I  pO p
H3 BPM6 3  ""-Jn""' [H(OEt2 )2]BAr/
I  TIT ^  I ^MnI ^ ^ 3  - C H 4  I " ^ P R .
o 8






Figure 1.12: Proton induced change o f  coordination mode
Borane Lewis base adducts adopt a bent p'-coordination even upon further photolysis 
with group 6 metal. That the rj^-coordination of L BH 3 to a group 6 metal is not 
observed contrasts with known group 6  metal carbonyl [BH4 ]' complexes for which 
only bidentate complexes have been reported, and that were previously considered as 
models for methane c o m p l e x e s . H o w e v e r  monoborane Lewis base adduct metal 
complexes adopting a bent p ' coordination as predicted by Zaric and Hall for 
(C 0 )5 W(alkane) makes monoborane Lewis base adducts complexes more accurate 
models for alkane complexes.
1.5 Alkane complexes
Lewis base borane adducts, like hydroborates, are isoelectronic with alkanes, but, 
contrary to borates they are neutral. Therefore, Lewis base borane adducts metal 
complexes are potentially important models for alkane coordination, as alkane 
complexes are very unstable. The poor stability o f alkane complexes is due to their 
poor o donation and poor 7i acceptor abilities, as the HOMO o is low lying and 
therefore unsuitable for electron donation and the LUMO o* orbital is high in energy 
and unsuitable for accepting electron-density.^'^
R H R H
" H . .
R H R H
R = alkyl or H
Figure 1.13: Isolobal relationship
Having a model for alkane coordination is particularly important for the study of the 
activation o f “inert” alkanes, which has been described as one of the “Holy Grails” of 
chemistry, as alkanes are the most abundant hydrocarbon resource However very few 
selective methods are available for their conversion into more valuable p r od uc t s . T h e  
study o f alkane model complexes can bring insights into the search for selective 
catalysts for C-H activation. There are however a few true alkane complexes known. 
They were first observed using IR and UV/vis spectroscopy by matrix isolation o f a 
photo-generated {CrCOg} fragment in a CH4 matrix at 20 In this experiment an IR 
shift of the carbonyl bands shows that the CH4 acts as a sixth ligand. Subsequently 
George et al., using Time-Resolved Infra Red spectroscopy, discovered that the 
photolysis of CpRe(CO)] in heptane gives CpRe(C 0 )2 (heptane). This complex has the 
longest lifetime reported, with a rate decay o f 40 s'* in the absence of added ligand at 
room temperature.^^ Following George’s discovery Geftakis and Ball reported in 1998 
the direct observation of a related alkane complex, CpRe(CO)2 (cyclopentane), by NMR 
spectroscopy at low temperature.^^ In this study the sample was constantly irradiated
with UV light in the spectrometer at 180 K, and a high field resonance of relative 
integration of 2 H in the NMR spectrum shows the coordination of the 
cyclopentane. This suggests that the alkane can be bond in an r]^-C,H fashion with rapid 
exchange or in a static ri^-C,H,H mode, as represented in Figure 1.14. Theoretical 
studies on the related W(CO)$(propane) complex suggested a lowest energy structure 
when the methylene is bond in an r|^-C,H fashion.^^
O
or
Figure 1.14; Different possible bonding modes o f  CpRe(CO)2 (cyclopentane)
Alkane complexes have recently been characterized by two X-ray diffraction studies. 
Firstly Reed et al. reported a Fe(II) metal centre bound to a double A frame porphyrin 
that, when crystallized from fluorobenzene / heptane, interacts with n-heptane (Figure 
1.15). Unfortunately the hydrogen atoms of the alkane could not be located due to 
disorder in the solid state. However the Fe-H-C interaction is probably stabilized by a 
host/guest effect.^^ The Fe-C distances o f 2.5 and 2.8 Â are typical for moderate to 
















Figure 1.15: Fe-DAP (left) and two disordered heptane m olecule interacting with Fe-DAP (right)
Meyer et al. have very recently reported X-ray diffraction studies o f a series of cyclic 
alkane adducts of the coordinatively unsaturated tris-aryl oxide uranium(III) complex 
(Figure 1.16).'^^ Computational studies reveal that the contribution o f the a-C-H orbital 
is minor (-2% ), and no NMR data were reported for this interaction. Close contact of 
the alkane with the /cr/-butyl group of the ligand suggests that, like for the previous 
complex, a host / guest effect may play a part in the stabilization of this series of 
complexes.
N—Û
5 0  equiv  cycl ic alkane
Figure 1.16: Coordination o f  alkane to [(ArO)3 tacn)U]
1.6 Metal complexes of hydroborates
Lewis base borane adducts are also isoelectronic with hydroborates. Contrary to borane 
Lewis base adducts, hydroborates are anionic, leading to a higher stability of their
11
metal complexes due to electrostatic interactions with cationic metal fragments. Since 
the original publication o f a zirconium and titanium tetrahydroborate complexes by 
Hoekstra and Katz in 1949, hydroborate metal complexes have been reported for the 
large majority of the d and f-block metals."^ '^"*^  The large number of borohydride 
complexes known can give an insight into the chemistry o f the neutral phosphine 
boranes that will be developed in this thesis.
R R
H H
R = alkyl or H
Figure 1.17: Isolobal relationship o f  hydroborate with alkane
Tetrahydroborates can bind to a transition metal centre in a r|% r;  ^ or r|  ^ coordination 
mode (Figure 1.18). Metal tetrahydroborates can form 3-centre 2-electron B -H -M  
bonds. In these linkages each B -H  unit donates it a-bonding electron pair to the metal 
centre to form a ligand metal dative bond. Thus, [B H 4 ]' can act as a two, four or six 
electron donor depending on the coordination mode.
■"[M]
monodentate, r| ' bidentate, tridentate, p'
Figure 1.18: Different possible coordination modes o f  B H /
Most of hydroborate complexes have been prepared by halide metathesis using an
alkali hydroborate (equation l).'^  ^An alternative method o f synthesis is the treatment of
a metal hydride with diborane as shown in equation 2. This second method has been
used far less due to the inconvenience of handling gaseous diborane.
12
ZrCU + 4 UBH4  --------------► Zr(BH4 ) 4  + 4UCI (1)
ZnHz + B2 H6  --------------► Zn(BH4)2 (2)
In a number o f cases the halide abstraction has been followed by a reduction of the 
metal by the borohyride, as in the titanium complex CpTi(BH 4 ) 2  (equation 3).
CpTiCIs + 3 U B H 4  ---------------- ► CpTi(BH4)2  + 3UCI + I /2 B2H6 + V2H2 (3)
The first crystal structures of zirconium'^^ and copper' '^^ tetrahydroborate complexes 
were reported in 1967. They show that the bonding being end on rather than side on as 
found for dihydrogen complexes. In these structures a variety of bonding modes are 
adopted by the [B H 4 ]' depending on the metal fragment. For example, [B H 4 ]' is bound 
in an fashion to the zirconium in Zr(BH 4 ) 4  and in an or q ’ mode to the copper 
complexes Cu(PPh3 )2 (BH4 ) and Cu(PPh2 Me)3 (BH4 ) respectively."^^’"^^
H.
H- H Y  " Y
Figure 1.19: Examples o f  crystaliographically characterised com plexes
Bidentate, and to a greater extend tridentate, coordination induces a close M-B contact 
with a smaller M-H-B angle (Figure 1.20). As the position o f hydrogen next to heavy 
metal centre can not be well defined by X-ray diffraction studies, Bernstein et al., and 
latter Edelstein proposed that the coordination mode of a tetrahydroborate complexes 
could be determined from the M-B bond length.'^^’'^ * This idea implies that an ionic radii 
can be assigned to the tetrahydroborate ion. Bernstein et al. and Edelstein both 
determined the values - 1 .60 and -1.36 Â for the ionic radii o f an q^ and q  ^ coordinated 
[B H 4 ]', respectively. In a number of cases, where the hydrogen atoms position can be
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determinated accurately an elongation of the bridging B-H distance is observed in the 
solid state structure.
1.697 1.170
"*2.518*" I -4- 1.185
H
Cu(PPh2 Me)3 ( ‘ii-BH4 )
2.02 1.26 
 ^ ^ 1 37
Cu(PPh3)2CTl-BH4)
Figure 1.20: Comparison o f  bond lengths (Â ) and angles (°)
As already mentioned [B H 4 ]' can coordinate via one, two or three 3c-2e bonds. When 
molecular orbitals are considered, [B H 4 ]' is a true o-complex only when coordinated in 
a monodentate fashion as only the o orbital is involved. The bidentate and tridentate 
coordination mode involve both o and n orbitals (Figure 1.21). One and two n orbital 
are respectively involved for bidentate and tridentate compounds respectively.'^^’'^ ^
M M - o
M
— o
Figure 1.21: Orbitals involve in the r|', rf and r|^  coordination mode
Marks suggested that when [BH4 ]' is bound in a r]^  or rj^  coordination mode, it is 
closely related to the p^-allyl ligand in term o f their frontier molecular orbitals (Figure
1.22).^° Considering molecular orbitals, p^-allyl and [BH4 ]' have one o and two n 
bonding orbital available for donation."*^ The analogy noticed by Marks can also be 
rationalised by a number of closely related structures o f hydroborate and rj^-allyl 
complex as for example Zr(r|^-C3 H5 ) 4  and Zr(r|^-BH4 ) 4
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G n n
Figure 1.22: k atomic orbitals o f  r|^-Aliy!
The similarity between ri^-allyl and hydroborate includes their ability to change their 
hapticity.^* Marks suggested that the catalytic activity shown by tetrahydroborate 
complexes in olefin polymerisation can be explained by the possibility o f a change in 
hapticity to offer a vacant coordination site on the metal ce n t r e . More recently 
Duckett et al. showed that an nucleophilic attack on metal tetrahydroborate complex at 
low temperature can result in a change o f bonding mode from r|^ to rj* (Figure
1.23).^^’^  ^ However, tetrahydroborates are known to heterolytically cleave in the 
presence of Lewis base such as amines or phosphines to give a metal hydride and a 
Lewis base borane adduct, and Duckett reported the decomposition of the p* complex 
with the increase of temperature or more than one equivalent of Lewis base.^"^’^  ^ This 
easy decomposition is a limitation of their use as hemilabile ligands in catalysis, as they 
can readily form metal hydride in a presence o f an excess o f nucleophile.^^
^ ....
Et*" I H Et*" I " H - B H j  -l b h .  Et*" | " H
L L
L = P M e 2 P h
Figure 1.23: Addition o f  Lewis base to tetrahydroborate com plex
1.7 Chelating complexes
In terms of o-complexes, metal coordination spheres can also be completed by an 
intramolecular, or agostic, o- interaction. In this case the o-interactions are more stable 
than for unsupported o-complexes, due to the chelate effect.^ Given the instability of 
monoborane-Lewis base adduct complexes, incorporation into a chelate ring of the 
monoborane-Lewis base adduct might be expected to increase the stability o f these 
complexes.
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M \  \ l
o-complex agostic complex
Figure 1.24: Alkane a  and agostic com plex
Shimoi first reported in 1984 the addition o f the potentially chelating phosphine borane 
B2 H4 2 PMe3 to ZnCl/ and CuX (X = Cl, and subsequently the synthesis of
(CO)4 M(Ti^-B2 H4 -2 PMe3 ) [M = Cr, Mo and W] by photolysis ofM (CO)6 .'^ "^
8
^  .....
o c  I Co -CO \  /R  \ ___/
8  .-y y-'H
M = Cr, Mo, W
Figure 1.25: Synthesis o f  (CO)4 M(ri^-B2 H 4 -2 PM e3 )
These neutral ligands have a similar end on coordination as the t|* a-complexes already 
described but the formation of a chelate ring increases the stability of these complexes 
in comparison to the monodentate (C 0 )$M(r|'-H4 B2 ZPMe]).'^ For example 
(CO)4 M(ri^-B2 H4 -2 PMe3 ) is air stable in the solid-state, but (C 0 )5 M (r|' - H 4 B 2  2 PMe3 ) 
decomposes when exposed to air.
Barton et al. reported a rhodathiaborane possessing a chelate dppm BH3 ligand, [8 ,8 - 
(r|^-BH3 dppm)^/Wo-8 ,7 -RhSB9 H,o]. This complex was prepared by adding a 20 fold 
excess o f BH 3 THF to a precursor containing a pendant PPh2 group (Figure 1.26).^^ 
This complex shows an enhanced air stability, making dppm BH 3 an interesting and 






O = B H
Figure 1.26: Synthesis o f  [8 ,8 -(r|^-BH3 -dppm) «/i/o-8 ,T-RhSBgHio]
Prior to the work reported in this thesis, Weller et al. reported the addition of the 
preformed monoborane-Lewis base adduct, dppm BH 3 , to a rhodium fragment to 
cleanly form [(cod)Rh(r| ' -BH3 dppm)] [Pp6 ] (Figure 1.27).^* This complex, as found for 
[8 ,8 -(ri^-BH3 -dppm)^/i/o-8 ,7 -RhSB9 Hio], is air stable in contrast to unsupported 









Figure 1.27: Synthesis o f  [(cod)Rh(Ti'-BH 3 -dppm)]PF6
In this latter rhodium(I) complex the borane is bound via two 3c-2e bonds leading to an 
18 electron complex, rather than 16 electron typically found for Rh(I) square planar 
complexes.
1.8 Scope of thesis
The synthesis of chelating diphosphine monoborane rhodium complexes showing an 
enhanced stability has been presented. Based on these results the goal of the project 
reported in this thesis was to extend the coordination of preformed diphosphine 
monoborane to a range of transition metal centres. The synthesis of potentially 
chelating monoborane ligands will be discussed in the first chapter, while the following
17
chapters will be focus on the coordination o f the chelating ligand dppm BH3 with 
different metal fragments.
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2 Chelating diphosphine monoboranes
2.1 Introduction
The surprisingly high stability o f phosphine boranes, R3P BH3 , has attracted 
considerable interest, from theoretical studies o f  the P-B bonding strength and their 
potential applications in synthesis. A number o f  phosphine borane adducts have been 
synthesised from tertiary phosphines and diborane, but this method suffers from the 
hazards associated with the use o f gaseous diborane.^ However the increase in 
commercial availability o f borane adducts such as THF BH 3 and Me2 S*BH3 means that 
these weakly bound adducts are now the preferred choice. Commercially available 
amine boranes can be used, but they suffer from the need to distill the liberated amine 
from the reaction mixture to produce the phosphine borane in high yield, due to the 
equilibrium with amine borane (Figure 2.1).
R 3 N B H 3  + R 3 P R 3 P B H 3  +  R 3 N
F igu re 2.1: Equilibrium betw een phosphine and am ine borane
An alternative synthetic method is the in situ formation o f borane from [BH4]' and a 
variety o f  oxidising reagents summarised in Figure 2 2 ? ’^ '^
R 3 P + NaBH^
CO:
(CH3 )2 C- 0
CeHgOH
C H 3 C O O H
HOI
2 '2
R3P BH3 + HCOONa
R3PBH3 + (CH3)2CHONa
R3PBH3 + CgHgONa + H2
R3PBH3 + C H 3 C 0 0 N a  + H2
R3PBH3 + NaCI + H2
R3PBH3 + Nal + V2 H2
F igu re  2 .2: In situ formation o f  borane and reaction w ith tertiary phosphines
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Décomplexation of the borane in phosphine boranes is relatively easy, for example, by 
addition of excess amine (Figure 2.1). This makes BH 3 a commonly used protecting 
agent for phosphines and the resulting phosphine borane can undergo a variety of 
reactions keeping the phosphorus protected.^ For example, phosphine borane adducts 
are key intermediates in the preparation of chiral phosphines used for asymmetric 
catalysis (Figure 2.3).*’^
BH3 BH3 BH3
1 . S - B U Ü  I I XS HNR2
2. CUCI2  - 2 R2 HN BH3  R''
R’’ R'" R
Figure 2.3: Synthesis o f  chiral diphosphines
During the 1950’s and 1960’s phosphine boranes were first used in the formation of 
polymers by dehydrocoupling reaction o f secondary phosphine borane adducts by 
pyrolysis.'^ This leads to the formation of highly stable oligomers and polymers of 
relatively low molecular weight, but only in low yield. More recently Manners et al. 
have synthesised a diverse range of phosphine borane polymers by a rhodium catalysed 








Rh catalystRPH2 BH3  ► *-f—PRH-BH2-I-*
9 0  - 1 30°C  ^
- H2
Figure 2.4: Dehydrocoupling reaction o f  RiPH-BHs and RPH 2  BH 3
In the process o f elucidating the mechanisms involved in the dehydrocoupling reaction 
o f RzHP BH 3 Manners et a l ,  using Pt(PEt3 )3 , showed that the P-H bond o f RzHP BH 3
22
can oxidatively add to the low valent platinium centre to afford a hydride complex 
PtH(PPhR'BH3)(PEt3 )2  (Figure 2.5). '^  ^ Further work by the same authors reported the 
reaction o f  Pt" hydride or dihydride with R2HP BH3 to form a Pt-P bond by 
dehydrocoupling reaction between the Pt-H and P-H b o n d s .H o w e v e r  the lack o f  
formation o f polymer using these platinum precursor suggests another mechanism for 
the catalytic dehydrocoupling reaction o f R2HP BH3 by rhodium catalysts. The authors 




RPhHP BHa + Pt(PEt3)3 60 C ^ H------ Pt------PPhR BH3
-PEt3
PEt3
F igu re 2.5: Oxidative addition o f  R 2 HP B H 3  to {Pt(PEt3 )2 }
Despite the large number o f phosphine borane adducts known only one diphosphine 
monoborane Ph2PCH2Ph2P BH3 has been reported, by Martin et a l?  The same authors 
reported that when changing the methylene backbone with a longer alkane, as in dppe 
for example, only the bis borane has been isolated.
In this chapter the synthesis o f diphosphine monoborane adducts will be discussed as 
well as the reasons behind the clean monofunctionalisation o f  some o f these 
diphosphines.
2.2 Results and discussion
2 .2 . 1  PbiPC H zPhzP 'B H ], (1 )
Ph2PCH2Ph2P'BH3 , (1 , dppm-BH3) has been synthesised according to the method 
published by Martin et al. by addition to dppm o f one equivalent o f BH3 , generated in 
situ by oxidation o f NaBH4 with I2 (Figure 2.6).^
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N a B H 4 / l ^  Ph sP  PPh 2
Ph2 P PPh2  D|\/|E
BH3
(1 )
F igu re 2.6: Synthesis o f  dppm B H 3  (1)
The original report o f the synthesis o f  (1) did not include all spectroscopic and 
structural data necessary to compare the free ligand to its metal complexes reported 
later in this thesis. The solid state structure o f (1) is shown in Figure 2.7 and selected 
bond lengths and angles are given in Table 2.1. The solid-state structure confirms the 
mono addition o f borane to dppm. The hydrogen atoms associated with the borane were 
located in a difference map and refined. The B-H distances [1.20(3), 1.18(4), 1.14(4) 
Â] are the same within error. The geometry around P (l) is approximately tetrahedral as 
demonstrated by the C(25)-P(l)-B angle [113.57(13)°]. The P-B distance [1.914(3) Â] 
is comparable to other related phosphine borane adducts such as PhgP BH3 [1.917 
or PhzPHBHzPPhz'BH] [1.932(2) and HgB-PMezCHzMeiP BH) [1.903(4) A]?^ 














T able 2 . 1 : Selected bond lengths (A) and angles (°)
Figure 2.7: Solid-state structure o f  (1). Thermal ellipsoids are shown at the 30% probability level
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In the 'H NMR spectrum of (1) the methylene protons appear as a doublet [J(PH) 12 
Hz] at S 2 .9 \ ppm. This is in contrast to the methylene protons of the free dppm ligand 
that do not show coupling to either o f the phosphorus atoms and are thus observed as a 
singlet. 'H(^'P-selective) experiments have confirmed that the coupling in (1) is due to 
boron bound phosphorus (Figure 2.8). The borane protons are observed as a broad 
quartet [T(BH) 112 Hz]. In the 'H{^'B} NMR spectrum of (1) in CôDô or CD 3 CN 
solution, this resonance sharpens to a doublet on boron decoupling [J(PH) 15.0 Hz] 
(Figure 2.8). Interestingly in CDCI3 the boron decoupling gives a doublet of doublets 
[J(PH) 14.3 and 1.5 Hz] showing coupling to both phosphorus atoms. Moreover, the 
solvent has a strong influence on the chemical shift of the BH resonances, S  1.95 ppm 





3 0  2.8 2,6 2.4 2.2 2.0 1 8 1.6 1.4 2.0 ppm
*  =  i m p u r i t i e s
Figure 2.8: (left) and ‘H{^'P-selective} with peak at J(^'P) 16.9 ppm decoupled (right) NM R
spectrum o f  (1) in
The ^'P{*H} NMR spectrum of (1) shows two inequivalent environments: a doublet 
[J(PP) 65.4 Hz] at S  -25.5 ppm and a broad resonance at lower field 16.9 ppm] 
assigned to the borane bound phosphorus, based on the quadrupolar broadening 
observed due to the *^ B (/ = 3) and '^B (/ = V2 ) coupling. The ’^B NMR spectrum 
shows a single resonance at ^-37.1 ppm with no ^^P coupling resolved.
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In our hands, attempts to use the THF BH 3 adduct instead of the less convenient in situ 
formation of borane leads to lower yields (55% with THF BH3 versus 77% with 
NaBH 4 /l2 by NMR spectroscopy) of monoborane with a concomitant increase in 
unreacted dppm and dppm(BH 3 ) 2  even when the THF BH3 adduct was added slowly.
The clean synthesis of (1) and not a stastistical mixture o f dppm, dppm BH3 and 
dppm (BH3 ) 2  can be rationalised by the fact that when one equivalent of borane is 
added to the dppm the second phosphorus atom is now less accessible for the addition 
of a second borane (Figure 2.9) in comparison to a free dppm. This kinetically favours 
mono functionalisation o f dppm instead of the formation of a statistical mixture of 
dppm, dppm BH3 and dppm(BH 3 )2 . Themodynamically, bis borane addition is perfectly 
viable, as addition o f two equivalents of THF BH 3 leads to dppm (BH3 )2 . Nevertheless, 
to obtain a mono-addition o f borane the concentration o f BH 3 has to be small at all 
times. This mean slow in situ formation of borane via oxidation o f [BH4 ]' with I2 seems 
to be more appropriate than the addition o f THF BH 3 adduct which tends to form a 
mixture of products.
Figure 2.9: Ortep and space filling diagram o f  (1) in the same orientation
Substituents on the phosphorus play an important role for the monoaddition o f borane. 
For example addition o f borane generated in situ to Cy2 PCH 2 PCy2 gives a lower ratio 
o f monoborane (45% by NMR spectroscopy) and affords free, mono and bis borane as 
found for dppm but in higher yield. This maybe attributed to the increase of Lewis
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basicity o f the phosphorus leading to a better affinity for boranes and thus formation o f  
the bis product more rapidly.
2 .2 . 2  PhzPCHzPhzP BHzX, (2 )
In an attempt to modulate the coordinating ability o f  these ligands without distorting 
the global geometry o f  the potentially chelating ligand, a chloride and a bromide have 
been introduced on the boron by using Me2 S'BH2 Cl and Me2 S-BH2Br as a borane 
source respectively. Slow addition o f a solution o f the haloborane in toluene to a 
solution o f dppm (Figure 2.10) leads to a clean monoaddition (72% and 80% 
respectively by NMR spectroscopy o f the reaction mixture). This can be contrasted 
to the addition o f THF BH3 adduct that leads to the formation o f (1) in a lower yield 
(55% o f  the reaction mixture).
M6 2 S BH2 X Ph2 P PPh2
PPh2 Toluene I
BH2 X
(2). X = Cl
(3). X = Br
F igu re 2.10: Synthesis o f  dppm B H 2 X, (2) and (3)
Changing a hydride for an electronegative halogen leads to a drastic change o f the 
chemical shift o f  the borane protons in the NMR spectrum, from 5  1.95 ppm for (1) 
to Ô 3.93 and 3.61 ppm for (2) and (3) respectively. The ^^ B NMR spectrum also 
shows a lower field shift o f the borane resonance compared to (1) {ô  -17.4 and -20.9 
ppm for (2) and (3) respectively). The NMR spectra present the same
characteristics as for (1): a doublet [<^-27.2 ppm, J(PP) 55.3 Hz] for (2) and [5  -25.8 
ppm, J(PP) 56.4 Hz] for (3) and a lower field broad resonance at ô2>.l ppm for (2) and 
^ 3.9 ppm for (3) assigned to the borane bound phosphorus. These resonances are 
higher field in comparison to the BH3 analogue (1).
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In the same way that changing the BH 3 for a monohaloborane gives a better yield, 
increasing the size of the halogen from chloride to bromide, leads to a slightly cleaner 
product as seen in the NMR spectra of the crude products (72% and 80% respectively 
by 'H NMR spectroscopy of the reaction mixture). The increase of yield following the 
rise of the size of the borane groups shows that the borane plays a role in the steric 
protection of the second phosphine that kinetically favours the mono-functionalisation 
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Figure 2.11: Increase o f  steric hindrance
It is important to note that not all halogens can be used. As shown by Martin et al. 
addition of MeiS BH2 I to dppm gives a boronium iodide salt (Figure 2.12).^
Ph2 P' PPh:
M6 2 S BH2 I 
-------------- 1
Toluene
Ph2 P s^  y P P h z  
BH2
[I
Figure 2.12: Formation o f  boronium iodide
Another way to increase the size of the borane to favor monoaddition is the use o f a 
bulky monoalkane borane such as thexyl borane. Addition o f Me%S BH2 (thexyl) leads 
mainly to the formation of the monoborane adduct (85 % by NMR spectroscopy of the 
reaction mixture taken shortly after the end of the reaction) (Figure 2.13), as evidenced 
by 'H, ‘H (“ B } ,^ ’P{‘H}, **B NMR spectroscopy, that quickly (hours) decomposes to 
form an insoluble unidentified material.
29
PhgP' ■pPh2
Me2 SBH2 (thexyl) 
 ►
Toluene
F igu re 2.13: Synthesis o f  dppm-BH 2 (thexyl)
2.2,3 Ph2PC 6H 4Ph2P BH 3 , (4)
In order to extend the size o f  the chelate ring, the monoborane diphosphine ligand, 
Ph2?C 6H4Fh2P-BH3 (dppbz-BHs, 4) possessing a rigid phenyl backbone, has been 
synthesised following the same procedure as (1). The addition o f one equivalent o f  
borane generated in situ to dppbz gives a clean mono-functionalisation o f the 
diphosphine (Figure 2.14). This is in contrast to the statistical mixture obtained for 






















Figure 2.15: Solid-state structure o f  (4). Hydrogen atoms have been omitted for clarity apart those 
associated with the borane. Thermal ellipsoids are shown at the 50% probability level
T able 2 .2 : Selected bond lengths (A ) and 
angles O  for (4)
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The solid state structure of (4) (Figure 2.15) shows the presence o f one borane group on 
the diphosphine. The BH 3 hydrogen atoms were located in the final Fourier difference 
map and freely refined and are the same within error [av 1.11(6) A ] .  The P-B bond 
length [1.941(4) A ]  is slightly longer than ( 1 )  but it is still in the range of P-B bond 
lengths found for related compounds such as rBu2 HP BH 3 [1.936(2) A].^* The geometry 
around the borane bound phosphorus is close to tetrahedral B-P(l)-C(13) [115.4(2)°].
In addition to the aromatic protons, the ’H NMR spectrum of (4) shows a broad 
quadruplet [J(BH) 120 Hz] of integral 3 H at ^2.31 ppm assigned to BH3 that sharpens 
to doublet o f doublets [J(PH) 14.6 and 3.8 Hz] on boron decoupling. The ^*P{'H} 
NMR spectrum of (4) shows a doublet [J(PP) 30 Hz] centred at 8  -14.8 ppm with a 
reduced coupling constant in comparison to the dppm analogue (1) [J(PP) 65.4 Hz] due 
to the expansion of the backbone, and a quadrupolar broadened resonance at higher 
frequency 8  25.8 ppm corresponding to the borane bound phosphorus. The **B NMR 
spectrum shows one signal at S -30.6 ppm similar to (1).
The yield obtained for (4) (80% isolated) is higher than for (1) (65% isolated), probably 
as the steric protection given by the phosphine substituent for the second phenyl 
phosphine is more efficient than for (1), as can be seen in the space filling diagrams 
(Figure 2.16).
(1) (4)
Figure 2.16: Space filling view  o f  (1) (left) and (4) (right). Hydrogen atoms have been omitted for
clarity.
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2.2.4 (C6H,2)PC6H4 (C6H ,2)P BH3, (5)
In order to probe the possibility of asymmetric catalysis using metal complexes of 
chelating phosphine boranes, a chiral ligand has been synthesised using the 
commercially available chiral diphosphine DUPHOS [DUPHOS = 
(C6 H i2 )PC6 H4 P(C 6 Hi2 )]. Slow addition o f THF BH 3 to DUPHOS in toluene leads to a 
clean monoaddition to form (5) in 75% isolated yield (Figure 2.17). This clean addition 
suggests that the substituents on the phosphine give even better steric protection to the 
unfunctionalised phosphine of the monoborane adduct, kinetically favouring a mono 
functionalisation instead of the formation of a statistical mixture of free, mono and bis 
borane.
T H F B H
Toluene
(5)
Figure 2.17: Synthesis o f  DUPHOS B H 3 , (5)
The *H NMR spectrum of ligand (5) does not give valuable information, as there are a 
large number o f alkane proton resonances, and these signals overlap with the borane 
proton resonances even in the NMR spectrum. The ^'P(*H} NMR spectrum is
more diagnostic of the formation of (5), as, as for the other ligands synthesised, a 
characteristic quadrupolar broadened peak at S2 .S  ppm and a doublet at a higher field 
[(^ 47.1 ppm, J(PP) 23.3 Hz] are present in the spectrum. The NMR spectrum 







Figure 2.18: Solid-state structure o f  (5). Hydrogen atoms apart from those associated with the borane have 
been omitted for clarity. Thermal ellipsoids are shown at the 50% probability level
T able 2.3: Selected bond lengths (Â ) and angles 
(°) for compound (5)
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The solid state structure of (5) (Figure 2.18) confirms the mono addition of borane. The 
geometry around P(2) is slightly distorted from the tetrahedral geometry due to the 
constraints given by the 5 membered ring of the cyclopentane C(16)-P(2)-C(13) 
[94.70(11) Â]. The P-B distance [1.920(2) Â] is comparable to (1) [1.914(3) Â].
Using the same conditions as used for the synthesis o f (1) and (4), addition o f borane to 
dppe (dppe = PhzPCHzCHiPPh]) or BINAP [BINAP = Ph2 PCioH6 CioH6 PPh2 ] leads to 
a statistical mixture of free, mono and bis borane.'’’  ^ When using a phenyl ring, giving 
a rigid backbone as for (4) or (5), addition of borane cleanly gives the monoborane 
adduct. The role of the rigid backbone can be rationalized by the fact that it prevents 
the rotation around the C-C bond (Figure 2.19). This allows the substituents on the 
phosphorus to give relatively better steric protection to the second phosphorus, 
kinetically controlling the addition of borane to give the monoborane adduct 
preferentially.











Figure 2.19: Effect o f  a rigid backbone
2.2.5 H3B PPh2(C5H3N)Ph2P BH3, (6 )
With the view to obtaining complexes with two borane-metal interactions a potentially 
tridentate ligand has been synthesized by addition of two equivalents of THF BH 3 






F igure 2.20: synthesis o f  bppp(B 1 1 3 ) 2 , (6 )
The NMR spectrum o f (6 ) shows one quadrupolar broadened peak at S  19.6
ppm, this being 22.4 ppm lower field than the free bppp ligand.^^ The lower field shift 
and the broadening confirms the addition o f the borane to the phosphorus atoms. In the 
NMR spectrum o f (6 ) a single peak at S  -37.4 ppm is observed, which suggests that 
there is no mixed addition between phosphorus and nitrogen. In the NMR spectrum 
o f  (6 ) the borane protons appear as a broad quartet 115 Hz] at ^2.23 ppm that
sharpens on boron decoupling to a doublet [./(PH) 15.3 Hz] due to the coupling to the 
*^P nucleus.
The solid-state structure (Figure 2.21) confirms the addition o f  borane on the two 
phosphorus atoms. The BH3 hydrogen atoms were located in the final Fourier 
difference map and freely refined. All B-H bond lengths, within error, are the same, 
and both phosphorus atoms are essentially tetrahedral as shown by the C (25)-P(l)-B (l) 





B (l)-H (la) 1.06(2)
B (l)-H (lb) 1.13(2)
B (l)-H (lc) 1.17(2)





T able 2.4: Selected bond lengths (A ) and 
angles (°) for ( 6 )
F igure 2.21: Solid-state structure o f  ( 6 ). Hydrogen atoms apart from those associated with the borane 
have been omitted for clarity. Thermal ellipsoids are shown at the 50% probability level
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2.3 Conclusions
Clean monoaddition o f borane to a diphosphine is dependent on steric constraints. The 
backbone o f  the diphosphine plays an important role, as it needs to be rigid to allow the 
phosphine substituents to offer a steric protection to the remaining unfunctionalized 
phosphine. This steric protection is also enhanced by increasing o f the size o f the 
borane group by using a monohaloborane. This has the result o f increasing the ratio o f  
mono-functionalized diphosphine. These phosphine borane adducts, especially (1) have 
been used to form transition metal complexes o f these potentially chelating phosphine 
borane ligand. These will be discussed in the following chapters.
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Coordination o f neutral Lewis base borane adducts to transition metal centres from 
group 6  was initially investigated by Shimoi et a l  by photolysis o f the metal carbonyl 
complexes M(C0)6 (M = Cr, Mo, W) in the presence of the potentially bidentate 
ligand M c]? BH 2 -H2 B PMc] (Figure 3.1).‘‘^
o
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F ig u re  3 .1 :
The procedure used by Shimoi et a l initially leads to the formation of a mixture of 
monodentate and bidentate complexes. The ligand bound in a monodentate fashion is 
readily displaced by MeCN or THF, whereas the bidentate ligand is not displaced in the 
presence o f these coordinating solvents. Further photolysis gives exclusively the 
bidentate complex. Unsupported Lewis base-monoborane a-complexes have been 
synthesized by Shimoi et a l by photolysis o f M(C0)6 (M = Cr, Mo, W) in toluene to 
form the {M(CO)$} fragment in the presence of L BH3 (L = PMc], PPh], NMc]) 
adducts (Figure 3.2)."  ^These complexes have been synthesized in a relatively high yield 
with the chromium and tungsten |M (C 0 )5 } fragments, but the molybdenum analogue 
could not be isolated. Lewis base-monoborane adducts are isoelectronic to alkanes, 
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F ig u re  3 .2 : Synthesis o f  L ew is base m onoborane o -c o m p lex e s
In these complexes reported the phosphine borane ligands are bound to the metal via 
one 3c-2e M-H-B interaction. 'H NMR spectroscopy shows that the BH protons are 
equivalent in solution at all temperatures suggesting a rapid exchange of bridging and 
free BH group, hence indicating a weak borane interaction. The weakness of this 
interaction is further demonstrated by the fact that the borane readily dissociates in a 
benzene solution or under vacuum to give free L BH 3 and a brown precipitate of 
unknown composition.
Manganese complexes o f Lewis base-monoborane adducts have also been synthesized 
by Shimoi et al. by photolysis of CpMn(C 0 ) 3  in the presence o f Mc3N BH 3 or 
Mc3 P BH 3 , these complexes are isolated in a low yield, 23% and 8 % respectively 
(Figure 3.3).^
: L BH3  ! y H
\
L
L = NM63 , PM03
F ig u re  3 .3 : Synthesis o f  C pM n(C O )2 (ri'-H 3 B-L)
As found for the Cr, Mo and W complexes the borane is highly labile and in this case 
can be replaced with other o ligands such as SiHPh3 or HBcat to form corresponding o-
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complexes CpMn(C0)2(Tj -HSiPha) and CpMn(C0)2(r| -HBcat) that have previously 
been synthesised by Hartwig et al^
Gudat et al. serendipitously synthesised (CO)4M(benzophospholide*BH3) (M = Cr, W) 
(Figure 3.4) in 25% and 60% yield for chromium and tungsten respectively. The focus 
o f the work was the coordination mode o f  the benzophospholide ligand, meaning that 
no real attention has been focused on these phosphine borane complexes by the authors, 
nevertheless the fact that these complexes have been synthesized in THF, which 
displaces the unsupported Lewis base-monoborane adduct, suggests an enhanced 
stability o f  chelate compounds o f these ligand.
(C0)4M(nbd) 
-  THF '
PPhz B,,
H
M = Cr, W
F ig u r e  3 .4 : S yn th esis o f  (C O )4 M (b en zo p h o sp h o lid e  B H 3 )
In this chapter the possibility to form stable phosphine borane chromium and 
manganese complexes using the potentially chelating ligand (1), as discussed in the 
previous chapter, is investigated.
3.2 Results and discussion
3.2.1 Group 6 complexes
3.2.1.1 Synthesis
Addition o f (1) to (C0)4Cr(nbd) (nbd = norbomadiene) in THF leads to the 
displacement o f nbd to form (C0)4Cr(r|^-H3B dppm), (7), in high yield (90% by NMR
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spectroscopy) as evidenced by 'H, *'B NMR spectroscopy o f the
reaction mixture (Figure 3.5). However, it is isolated as analytically pure 
microerystalline material by layering a toluene solution with hexane, only in a 
moderate yield (64%).
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F ig u re  3 .5 : Synthesis o f  (C O )4 Cr(ri'-H 3 B-dppm ), (7 )
Complex (7) has also been characterized by an X-ray diffraction study. The solid-state 
structure is displayed in Figure 3.6 and seleeted bond lengths and angles are given in 
Table 3.1. The BH 3 hydrogen atoms were located in the final Fourier difference map 
and freely refined and are the same within error. The geometry around the chromium is 
approximately octahedral as shown by the C(27)-Cr-C(29) [89.86(10)°] and C(28)-Cr- 
C(29) [89.17(10)°] angles. The structure shows the dppm BH 3 ligand is coordinated to 
the tetracarbonyl chromium fragment via both phosphorus and the BH3 group. The BH 3 






















T a b le  3 .1 : Se lected  bond lengths (Â ) and 
angles (°) for (7 )
F ig u re  3 .6 : Solid -state structure o f  (7 ). Therm al e llip so id s are show n at the 50%  probability level
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The large Cr-H(lb)-B angle [ 136(3)°] and the long Cr-B distance [2.800(2) Â] are 
similar to that found in the o-complexes (CO)5 Cr(r|‘-H 3 B-PMe3 )'^  [ 130(8)° and 2.79(1) 
Â] and (CO)5 Cr(ri'-H 4 B2 -2 PMe3 )^  [141(8)° and 2.876(8) Â] (Figure 3.7), that both 
possess a single Cr-H-B interaction, as in (7). The Cr-H-B interaction has been 
described as an essentially end-on 3c-2e interaction for (CO)5 Cr(ri*-H3 B-PMe3 ), where 
the Cr-H-B interaction is structurally similar to (7)."^
O
H .P M 6 3  9
' ' ; b ^ C O  Ph\
oC" I "Co
3  H  f " ^ N ( S iM e 3 ) 3
O H \
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Figure 3 .7 : (C O )5 Cr(r)'-H 3 B PM e3 ), (C O )5 Cr(r|'-H 4 B 2 -2 P M e 3 ) and C p M o(C O )2 (r |'-
H3B PPh[N(SiMe3)3]}
Although the B-H distances are the same within error, as found for (C 0 )5 M(ri’- 
H3 B PMe3 ) (M = Cr, W; L = PMc3 , PPh3 , NMc3 ) there is suggestion that the B-H bond 
involved in the Cr-H-B interaction is longer [1.23(3) Â] than the terminal B-H distance 
[1.12(3) Â]. This is attributed to the decrease of the B-H bond order due to the 
coordination to the metal.'^’^  There is another example of the elongation of the bridging 
B-H distance that is unambiguous, as far as the location o f hydrogen by X-ray 
diffraction studies can be trusted. Paine et al. show the elongation of the coordinated B- 
H bond [1.33(4) Â] in comparison to the terminal B-H distances [0.94(4) and 1.02(4) 
Â] for CpMo(CO)2 {r|*-H3 B-PPh[N(SiMe3 )3 ]} (Figure 3.7).* Moreover, elongation of 
the B-H bond has also been observed for p'-BHT complexes such as Mo(r]^-BH4 . 
)(dmpe)2 (N 0 ).^ Nevertheless the elongation, except the example reported by Paine et 
a l,  is usually not as pronounced as for silane o-complexes where the elongation {ca. 
20%) has been characterized by neutron diffraction studies. The Cr-C(27) distance 
(metal - carbonyl ligand trans to the BH3 group) [1.835(2) Â] is shorter in comparison 
to the Cr-C(26) [1.878(3) Â] and Cr-C(28) [1.891(3) Â] distances corresponding to the 
metal - carbonyl groups mutually trans to each other. This is explained by the enhanced 
back donation from the metal to the carbonyl trans to the weakly bound BH 3 group.
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This short Cr-CO bond length has also been observed for (C 0 )5 Cr(r|^-H3 B PMeg) and 
(C 0 )4 W (benzophospholide-BH])/'^ ^  Noteworthy is that the chelate ring does not have 
a significant impact on the bonding o f the BH 3 group o f  (7) in comparison to 
(CO)5 Cr(ri^-H3 B-PMe3 ). The lack o f steric constraints is further demonstrated by the 
P(l)-C(13)-P(2) [112.77(12)°] and the C(13)-P(2)-B [108.11(10)°] angles that are not 
truly distorted from the free ligand (1) [111.32(11)° and 113.57(13)° respectively].
In the N M R spectrum o f (7) the methylene protons o f the dppm backbone appear at 
5  2.15 ppm as a doublet o f doublets o f integral 2 H, showing a coupling to the two 
phosphorus atoms. This is contrary to (1) where the methylene protons are coupled 
only to the boron bound phosphorus. Using *H{^^P-selective} experiments the coupling 
constants have been assigned as follows J(PH ) 9.0 Hz and J ( P ( b h 3 )H )  11 .9 Hz. The 
methylene protons are equivalent in solution and have apparent Cg symmetry, probably 
due to rapid conformation changes o f the six membered chelate ring. Only a single BH 
resonance, o f integral 3 H, appears in the hydride region at 5  -2.84 ppm as a 
quadrupolar broadened quartet [J(BH) 96.4Hz]. The equivalence o f  the bridging and 
terminal B-H indicates a rapid rotation o f  the BH 3 group around the P-B axis in 
solution. The rotation cannot be frozen out even at 190 K  showing that the Cr—HB 
interaction is weak. Such a facile fluxional process has also been reported for 
(C 0 )5 Cr(r|^-H3 B PM e3 ) for which the AG^ has been estimated to be less than 30 
kJ.mof^"^ At room temperature the observed /(B H ) coupling constant in (7) is 96 Hz 
which is smaller than the coupling constant observed for the free ligand (1), [/(BH ) 112 
Hz]. Since this value is an average o f /(BHy) and /(BH t) and considering that the 
/(BH t) value would be similar to the /(B H ) o f  the free ligand (1), the real value o f  
/(BHb) can be estimated to be around 60 Hz, ca. 55 % o f the /(B H ) value o f  (1). Such a 
drop has also been observed by Shimoi et al. for (CO)5 Cr(ri^-H3 B-L) (L = NM e 3 , PM e3 , 
PPh 3 ), and this decrease o f the /(B H ) value is consistent with a 3c-2e Cr-H-M 
interaction. Such a reduction o f coupling constants have also been observed for well 
known H 2 , R 3 S1H and R 3 CH, agostic and o - c o m p l e x e s . I n  the ^H{^^B} NM R 
spectrum o f (7) the BH resonance sharpens to a doublet [/(PH ) 8.4 Hz] showing 
coupling to a single ^^P nucleus. The ^*B NM R spectrum o f  (7) displays a single 
resonance at 5  -41.5 ppm. This resonance is only slightly shifted from that o f (1) 
showing that there is no significant Cr B interaction, as such an interaction would
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result in a large downfield chemical shift change.^’'"^  The NMR spectrum of (7)
shows a doublet [J(PP) 80.7 Hz] at 5  58.3 ppm that shows the coordination of 
phosphorus to the metal, and a broad peak at ^  15.9 ppm assigned to the boron bound 
phosphorus atoms. This latter resonance is not really shifted from that of (1) [<5 16.9 
ppm], and is consistent with the phosphorus that is not directly bound to the metal.
In the infra red spectrum (KBr) only the BH stretching frequencies associated to the 
terminal BH have been identified at 2440 cm'* and 2393 cm'*, the bridging BH 
frequency probably coincides with the strong carbonyl stretching bands [1830 to 2019 
cm'*] preventing its observation. Bridging BH frequencies for the related metal 
complexes L2 M(B2 H4 -2 PMc3 ) (M = Ni, Cu, Zn) have been reported to be between 
1895 and 2010 cm'*.* '^*^
3.2.1.2 Reactivity
Addition of PMc] to (7) leads to the formation of a mixture o f products with the main 
organometallic product identified (50 % by NMR spectroscopy) being
(CO)4 Cr(PMe3 )(«:'-dppnTBH3 ), (8 ), characterised by 'H, ^’P{'H} and "B
NMR spectroscopy. The product could not be isolated as pure material, preventing the 
acquisition of micro-analytical data or an X-ray diffraction study.
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F ig u re  3 .8 : Synthesis o f  (C 0 ) 4 C r(PM e3 )(Ac'-dppm B H 3 ) ( 8 )
In the *H(**B} NMR spectrum of (8 ) the BH 3 resonance is not in the hydride region as 
for (7), but appears as a doublet of integral 3 H at <5 1.67 ppm, this chemical shift is 
close to the resonance observed for ( 1 ) and therefore suggests that the borane is not 
bound to the metal centre. The corresponding methylene protons peak consists of a 
doublet o f doublets [J(PH) 5.8 Hz and J(P(bh3 )H) 11.9 Hz] o f integral 2 H at ^  3.71
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ppm. The presence of the trimethylphosphine is established by the presence of a 
doublet [./(PH) 7.9 Hz] of integral 9 H at 1.01 ppm, corresponding to the methyl 
protons of the phosphine. The ^'P{'H} NMR spectrum of (8 ) shows a doublet [J(PP)
30.4 Hz] situated at 5  23.6 ppm corresponding to PMcg, while the dppm BH] ligand 
appears as a quadrupolar broadened resonance at 5  14.6 ppm, confirming the presence 
of the borane, and the metal bound phosphorus signal is displayed at a lower field 
65.6 ppm] as a doublet o f doublets [J(PP) 30.4 Hz and J(P(bh3 )P) 13 Hz] revealing the 
coupling to two different phosphorus atoms. It is interesting to notice the small 
^(P(BH3 )P) coupling constant observed in comparison to (7). As will be discussed in the 
next chapter with more examples, the reduction of the coupling constant can give an 
insight in the coordination mode of the dppm BH] ligand as the coupling is smaller 
when the borane is not coordinated.
3.2.1.3 Molybdenum and Tungsten Carbonyl Complexes
In the same reaction that leads to the formation of (7), using the molybdenum analogue 
(CO)4 Mo(nbd) leads to a mixture of products, none of which could be identified as the 
molybdenum analogue of (7). By using the precursor (CO)]Mo(NCMe)] similar 
resonances to (7) are observed on the 'H ("B }  and ^’P(*H} NMR spectra indicating the 
formation of (CO)4 Mo(r|'-H]B dppm), (9), in poor yield {ca. 20% by NMR 
spectroscopy).
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F ig u re  3 .9 : Synthesis o f  (C O )4 M o(ri'-H 3 B -dppm ), (9 )
The major product is dppm (BH])] as identified by NMR spectroscopy. The extra 
carbonyl required to form (9) from (CO)]Mo(NCMe)] may come from the liberation of
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CO involved in the formation of different phosphine complexes observed in the 
NMR spectrum of the reaction mixture. Isolation o f complex (9) was not 
possible as it thermally decomposes in solution. The poor stability of molybdenum 
complexes in comparison to the chromium and tungsten complexes has already been 
discussed by Shimoi et al. for (CO)5 M o(r|'-H 3 B PMc]) and had been attributed to the 
particular lability of molybdenum complexes among the group 6  metal compounds.^’*^  
Theoretical studies by Ariafard et al. on the model compound (C0 )$M(r|^-H3 B PH 3 ) 
(M = Cr, Mo, W) shows that the M-H-B interaction is weaker when M = Mo.*^
This said, by washing the reaction mixture with hexane and extracting the complex (9) 
with toluene, relatively clean NMR spectra could be obtained. The *H NMR spectrum 
of (9) shows the BH 3 resonance as a broad peak [W 1/2 187 Hz] of integral 3 H at <7 1.12 
ppm that sharpens on "B  decoupling to a doublet [J(PH) 9.0 Hz] showing coupling to 
phosphorus. The methylene protons of the dppm backbone resonance are observed as a 
doublet o f doublets [J(PH), 8.5 Hz and J(P(bh3 )H) 12.6 Hz] at ô  2.84 ppm. In the 
^'P{‘H} NMR spectrum the dppm BH3 ligand appears as a doublet [J(PP) 82.4 Hz] at
531.2 ppm and a quadrupolar broadened peak at 16.3 ppm showing the presence o f the 
boron atom. The '*B NMR spectrum shows a single peak at 5 42.4 ppm. As for (7) this 
resonance is close to that o f the free ligand ( 1 ).
Addition o f (1) to (C 0 )4 W(nbd) in THF leads to a mixture of products, with none of 
then identified as the desired product. This was unexpected as Gudat et al. reported the 
formation of (CO)4 W(benzophospholide B H 3 )  in 60% yield (Figure 3.10).*'
^PPhr
— M ( C 0 ) 4  
H
I
M = Cr, W  H
Figure 3.10: (C O )4 M (benzophosph olide  BH 3 )
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Whilst Gudat et al. reported a reasonable yield for tungsten complex, the yield o f their 
chromium analogue was poor {ca. 25% by NMR spectroscopy). This is the opposite 
trend as observed with the addition of (1 ) suggesting that the differences in steric and 
electronic properties of the ligands play an important role in the stability of these 
related complexes.
3.2.2 Manganese(I) Carbonyl Complexes
3.2.2.1 [(CO)3Mn(ti^-H3B dppm)][BAi-/], (10)
Reaction with the isoelectronic cationic carbonyl manganese fragment was attempted 
with a view to obtain a cationic analogue of (7). Addition of (1) to (CO)$MnBr in the 
presence o f Na[BAr4 ^], as a halide abstracting agent, leads to the formation of 
[(CO)3 Mn(ri^-H3 B-dppm)][BAr4 ‘'], (10). Due to the poor solubility of Na[BAr4 ]^ in 
CH2 CI2 , it was dissolved in ether to speed up the reaction. On the way to (10) a 
tetracarbonyl intermediate [(CO)4 Mn(ri*-H3 B-dppm)][BAr4 ^], (11) (Figure 3.11) has 
been identified by NMR and IR spectroscopy and synthesized by an alternative route 
(vide infra).
NaBAr^F 










PhoP  ^ /PPh2
(10)
BAr/
Figure 3.11: Synthesis o f  [(C 0 ) 3 Mn(r|^-H3 B dppm)][ BAr^""], (10)
The complex (10) was isolated in a moderate yield (46 %) as pure crystalline material 
and fully characterised by 'H, *H(‘'B}, '*B NMR spectroscopy and by X-ray
diffraction studies. The solid-state structure (Figure 3.12) shows the chelating 
dppm-BH3 ligand bound via one phosphorus and two B-H-Mn interactions. Hydrogen 
atoms associated with the boron were located in the final difference map and freely 
refined. The interatomic B-H distances are longer for the two bridging hydrogens
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[1.30(4) and 1.24(3) Â] in comparison to the terminal B-H [1.07(3) Â], consistent with 
a 3c-2e bonding mode.*^ The Mn-B distance [2.146(1) Â] is short. It is slightly longer 
than the one found in the three coordinate boryl complex (C 0 )5 MnB(O 2 C6 H 4 ) 
[2.108(6) and comparable to the a-borane complex C p’M n(C 0 )2 (HB 0 2 C4 Me4 ) 
[2.149(2)]^ but shorter than a tetra coordinated boryl complex such as 
(CO)4 M n(PM e2 Ph)(BH 2 'PM e3 ) [2.314(2) A].^^ Similar short distances have been 
observed for T|^-BH4  complexes such as [(CO)4 Cr(rj^-BH4 )] [PPN] [2.29(1) A ]  and 
calculated to be 2.33 A  for (CO)4 Mn(r|^-BH4 ).^^ This short Mn-B distance is indicative 
o f a significant Mn-B interaction but it is not in itself diagnostic o f a distinct bonding 
mode (A), (B) or (C) (Figure 3.13). Nevertheless the bonding can be described as being 
more like a borohydride (C) than dihydroboryl complex (A) due to the H(lb)-M n- 
H (lc) angle [72.4(18)°] and B-Mn-H angles [37.4(13) A  and 35.1(12) A ]  being more 
compressed than expected for a dihydroboryl complex. The a-borane hydride form 
(B) is not consistent with the equivalence o f the B-H distances [1.30(4) and 1.24(3) A ]  
and M n-H distances [1.68(4) and 1.69(3) A ]  observed for the two bonding hydrogen 
atoms. As found for (7), the Mn-C(2) and Mn-C(3) distance to the carbonyl trans to the 
weakly bound BH 3 group [1.803(4) A  and 1.817(4) A ]  are shorter than the M n-C (l) 

















B (l)-H (la) 1.07(3)
B (l)-H (lb) 1.30(4)
B (l)-H (lc) 1.24(3)




B (l)-M n-H (lc) 35.1(12)
B (l)-M n-H (lb) 37.4(13)
H (lb)-M n-H (lc) 72.4(18)
T able 3.2: Selected bond lengths (Â ) and angles 
O  for ( 1 0 )
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F igu re 3 .13: (A ) dihydroboryl com plex, (B ) hydride a-borane, (C ) r|^-borohydride com plex
The NMR spectrum o f complex (10) shows that the solid-state structure is retained 
in solution as two distinct BH resonances, diagnostic o f a static interaction, are present 
for the borane; one broad peak at ^ 4.99 ppm o f integral 1 H assigned to the terminal 
BH. This BH resonance is shifted downfield in comparison to the BH3 resonance o f  (1) 
0.99 ppm]. A second broad resonance is displayed in the hydride region [S  -9.08 
ppm] o f integral 2 H corresponding to the bridging BH hydrogen atoms. These peaks 
sharpen on ^^ B decoupling to give a singlet that is still rather broad for the former and a 
phosphorus induced doublet [./(PH) 6.1 Hz] for the latter. The methylene hydrogen 
atoms on the ligand are equivalent in solution and are observed as a doublet o f  doublets 
[J(PH) 10.5 Hz and J (P (b h 3 >H) 12.5 Hz] o f  integral 2 H at <52.90 ppm. The "P{'H } 
Spectrum o f (10) displays a doublet [/(PP) 102.1 Hz] at S 7 3 3  ppm and a higher field 
[Ô 15.6 ppm] quadrupolar broadened resonance corresponding to the borane bound 
phosphorus. This latter resonance is close to that o f the free ligand (1). The *^ B NMR 
spectrum shows the borane peak resonance highly shifted downfield [S  16.7 ppm] from 
the free ligand resonance [5  -31A ppm, Aô 53.8 ppm] and complex (7) -41.5 ppm,
AÔ 58.2 ppm]. Such a chemical shift is indicative o f a significant M -B interaction, and 
comparable shifts were observed for metal boryl complexes compared with their 
organoborane p r e c u r s o r s . L i k e w i s e  dihydroborates undergo a downfield shift 
when coordinated in a fashion to a metal centre. For example, [Li][H2BCgHi4 ]^  ^ is 
shifted downfield [A^ 76 ppm] when incorporated in Ru(ri^-H2 BC8Hi4)2 (PCy3), where 
DPT calculations also show a delocalisation between the ruthenium, boron and 
bridging hydrogens with a significant Ru -B interaction.^^
The IR spectrum (KBr) o f (10) shows one BH stretching frequency [2519 cm'^] 
assigned to the terminal BH as well as the stretching frequencies due to the carbonyl
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ligands. The stretching frequencies corresponding to the bridging BHs have not been 
identified as it is expected, on the basis o f stretching frequencies o f related compounds, 
to coincide with the strong CO bands [1975 to 2070 cm'^].
Surprisingly, the use o f [(CO)3Mn(NCMe)3]Y (Y = PFe or B A r /) possessing three 
relatively labile MeCN ligands that can be readily displaced, does not give the desired 
complex probably due to the strong manganese acetonitrile interaction found for this 
Lewis acidic metal centre. This strong acetonitrile manganese interaction is 
demonstrated by the difficulty to displace more than one acetonitile by a relatively 
strong donor such as trimethylphosphite even with an excess o f  phosphite in refluxing 
chloroform.^* The use o f [(CO)4Mn(nbd)][BAr4 ]^ which is isoelectronic with 
(C0 )4Cr(nbd) used for the synthesis o f (7), gives a mixture o f compounds. Use o f  
different metal fragments such as (CO)5MnOTf or (C0 )5Mn0 C1 0 3  that possess counter 
anions that can readily decoordinate from the metal centre or the use o f  another halide 
abstractor such as TlPFa did not lead to the formation o f  the complex or its production 
in poor yield. These low yields show the importance o f  the choice o f  the counter anion, 
with the non coordinating [BAr4 ]^’ being the best.
The same synthetic strategy was also used with (C0 )5ReBr but did not give any 
product even after a prolonged reaction time. Contrary to the ruthenium system that 
will be discussed latter, use o f different ligand such as dppm BHiX (X = Cl, Br) gives a 
mixture o f  products, o f which none could be identified as being the desired product.
3.2.2.2 Reaction o f  (10) with donor ligands
Addition o f CO(g) to (10) gives the tetracarbonyl complex with opening o f the bidentate 
borane to form a complex, as observed during the synthesis o f  (10), [(C0 )4Mn(r|^- 
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Figure 3.14: Sythesis o f  [(C 0 )4 Mn(Ti'-H3 B dppm )][B A r/] (11)
The addition of CO is reversible, in solution or in the solid-state under argon (days) or 
more quickly in vacuo (hours), as the resultant complex (11) loses CO to give (10). Due 
to this spontaneous loss of CO no microanalytical data could be obtained for (10), 
nevertheless the compound has been characterised by *H, NMR
spectroscopy, while crystals suitable for a X-Ray diffraction studies were grown under 
a CO atmosphere. The solid state structure acquired at 150 K is shown in Figure 3.15 
with selected bond lengths and angles are given in Table 3.3. The solid state structure 
of (11) shows the BH3 group coordinated to the metal in a q* fashion. The chromium 
complex (7) and this manganese complex (11) are structurally similar as expected for 
these isoelectronic complexes. The B H 3 hydrogen atoms were located in the final 
Fourier difference map and freely refined and as found for (7) there is suggestion that 
the bridging B-H distance [1.26(3) Â] is longer than the terminal B - H  [1.05(3) and
1.08(3) Â]. The Mn - B distance is long [2.748(3) Â], which is similar to the distance 
calculated by Shimoi et al. for the model compound [(CO)4 Mn(PH 3 )(q‘- 
H3 B-PMe3 )][BAr4 *'] [2.780 Â].^' The Mn - B length is slightly shorter than the neutral 
complex (7) [2.800(2) Â]. The shortening of the M-C bond associated with the 
carbonyl trans to the borane [1.816(3) Â] in comparison to the carbonyls mutually 
trans to each other [1.883(3) and 1.871(3) Â], as observed in (7) and (10), is also 
present in (11). Interestingly the Mn-H(3) distance [1.71(4) Â], comparable to the Cr-H 
distance [1.78(3) Â] in (7), is shorter than that experienced in the y agostic complex 



























T able 3.3: Selected bond lengths (Â ) and angles 
O  for ( 11)
50% probability level
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The NMR spectrum o f (11) shows a single resonance at S -  37.5 ppm which is close 
to the free ligand (1) and the chromium complex (7) suggesting that there are no 
significant Mn - B interactions, contrary to that found in rj^  complex (10). This suggests 
an T|^  coordination o f the BH3 group in solution as found for (7) and in the solid-state 
structure. In the NMR spectrum o f (11) at room temperature a quadrupolar 
broadened borane resonance [./(BH) 61 Hz] centred at S  -3.74 ppm, o f  integral 3 H, is 
observed, indicative o f a rapid rotation o f the BH3 around the P-B axis. The downfield 
shift o f the BH 3 resonance in comparison to (10) is expected for this peak that now 
corresponds to the average between one bridging and two terminal hydrogen atoms. 
The reduction o f  the time averaged J(BH) coupling constant [J(BH) 61 Hz] in 
comparison to the free ligand [J(BH) 112 Hz], confirms the 3c-2e Mn-H-B interaction 
as discussed for (7).*^’^  ^ The J(BH) o f (11) is smaller than for (7) [./(BH) 96 Hz] 
suggesting a stronger interaction as expected for this cationic metal centre interacting 
with the polarised H '^-B^  ^group. This stronger interaction is confirmed by the ability to 
freeze out the rotation o f the BH3 group at 190K, while it was not possible for (7). The 
low temperature ^H{^*B} NMR spectrum o f (11) displays a resonance at S 1.99 o f  
integral 2 H assigned to the terminal BH and high field resonance at S -  15.52 ppm of  
integral 1 H corresponding to the bridging BH. At ambient temperature, on '^B 
decoupling the BH resonance sharpens to give a doublet [J(PH) 7.8 Hz] due to the 
coupling to a single phosphorus. The methylene protons, observed as a doublet o f  
doublets [J(PH), 11.5 Hz and J(P(bh3)H) 11.9 Hz] o f integral 2 H, are equivalent in 
solution as observed for the complex (7). The ^*P{*H} NMR spectrum o f (11) displays 
the same characteristics as (7) and (10); a well defined doublet [J(PP) 54.7 Hz] at S
52.2 ppm that shows a reduction o f the coupling constant in comparison to the 
complex (10) [J(PP) 102.1 Hz], and a broad peak at S  16.0 ppm. At 190 K in CD2CI2 
the latter peak appears as a broad doublet [J(PP) 53.4 Hz] due to the temperature 
dependence o f  the spin-lattice relaxation rate o f ^^ B and ^^ B nuclei, this phenomenon is 
described as thermal decoupling.^®’^ *
The IR spectrum (KBr) shows two BH stretching frequencies (v 2498 and 2440 cm'^) 
assigned to the terminal BH. The stretching frequency corresponding to the bridging 
BH has not been identified as it is expected to coincide with the strong CO bands [2000 
to 2112 cm'^] as found in other related c o m p o u n d s . T h e  carbonyl band frequencies
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are at a higher frequency than the neutral complex (7) as expected for the change from 
a neutral to a cationic metal centre.
With a view  o f  obtaining a non-reversible addition o f  a donor ligand, the good o donor 
PMes was added to (10) to give [(CO)3 Mn(PMe3 )(ri'-H3 B-dppm )][BAr/], (12) (Figure 
3.16). The successful addition o f the phosphine was confirmed by *H, 'H{'*B}, 
^'P('H} and '*B NMR spectroscopy but the product decomposes over time to a mixture 
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Figure 3.16: Synthesis o f  [(CG)3 M n(PM e3 )(r|'-H 3 B dppm)][BAr4 ]^, (12)
The *'B NMR spectrum o f (12) shows a similar higher field shift [S -39.7 ppm] as 
found for the carbonyl analogue (11) [S -37.5 ppm] suggesting an opening o f  the 
bidentate BH 3 group to form a rj* borane interaction. The 'H NMR spectrum o f (12) 
shows a broad resonance at 3 .6 0  o f integral 3 H corresponding to the BH 3 group, the 
equivalence o f  the BH suggests a rapid rotation o f  the BH 3 group around the P-B axis 
as found for (7) and (11). The methylene protons o f  the dppm backbone are no longer 
equivalent in solution and they appear as two doublet o f  doublet o f  doublets [T(PH)
1 1 .3  Hz, J ( P ( b h 3)H ) 1 1 .3  Hz, J(HH) 1 4 .9  Hz] at ( ^ 3 .5 9  and [J(PH) 9 .8  Hz, J ( P ( b h 3)H )
13.1 Hz, y(HH) 14.9 Hz, CH]  at «J3.31 ppm. The ^'P{'H} NMR spectrum o f  (12) 
displays three resonances showing the coordination o f  the PMe3 and the dppm BH 3 
ligand. The two peaks expected for the chelated dppm BH 3 appear at S 5 5 .1  ppm as a 
virtual triplet [T(PP) 44 Hz] for the metal bound phosphorus and as a quadrupolar 
broadened resonance at S 1 5 .0  ppm for the borane bound phosphorus atom. The PMe3 
peak is shown as a doublet [T(PP) 44 Hz] due to the coupling to the metal bound 
phosphorus o f the dppm BH 3 ligand
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Addition o f one equivalent of pyridine to (10) leads to the loss of the borane to form a 
single phosphorus containing product identified by NMR spectroscopy as 
(C0 )3 MnH(dppm) (Figure 3.17) which is a known compound but for which no NMR 
data has been r e p o r t e d .N e v e r th e l e s s  the signals are comparable to 
(CO)]MnH(dppp).^^ In the spectrum of the reaction mixture a single resonance
at 33.7 ppm shows the equivalence o f the phosphorus nuclei of the dppm ligand. In 
the 'H NMR spectrum a triplet in the hydride region shows the coupling to two 
equivalent phosphorus atoms. The formation of a metal hydride is consistent with the 
spontaneous decomposition of [(C0 )4 Mn(PMc3 )(T| ^ -H]B PMcg)] [BAr4 ]^ to
[(CO)4 MnH(PMc3 )] and [BH] 2 PMc3 ]^by heterolytic cleavage.^* The boron containing 
products were not identified, but likely is that one would be [Pyr-BH2 ][BAr4 ]^.
P h ,P . .P P h ,





N — B H ,
u n sta b le
[B A r /]
(10)
Figure 3.17: Reaction o f  (10) with pyridine
Contrary to the ruthenium complexes that will be discussed in Chapter 4, addition of 
D] does not lead to an H/D exchange. This is probably due to the electron poor metal 
centre which is reluctant to undergo D] oxidative addition necessary prior to the H/D 
scrambling.
3.3 Conclusions
Although the chelate ring does not have an impact on the structural characteristic o f the 
Cr-H-B interaction, as shown by the comparison o f (7) with (CO)5 Cr(ri*-H3 B-PMe3 ), 
complexes of the chelating dppm BH3 are more stable than their unsupported 
phosphine borane counterparts. While the complexes bearing unsupported ligand 
thermally decompose in solution, complexes of the chelating ligand (1) are stable at 
room temperature under an inert atmosphere. The borane can adopt different 
coordination modes depending the nature of the metal centre. The coordinated
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manganese complex (10) can accept another donor ligand to form a rj^  complex making 
it a latent 16 e" complex. Such hemilabile behaviour is potentially useful in catalysis, 
and aspects o f this will be discussed in the next Chapter.
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Although no complexes of neutral Lewis base borane adducts have been reported, the 
Ru-H-B bond is well known in metallaborane or borohydride ruthenium complexes.'’"' 
Reactions o f neutral phosphine boranes with ruthenium complexes have been reported 
by Shimoi et al. but these do not lead to neutral o-complexes. For example addition of 
H 3 B PMeg to [Cp*RuCl] 4  leads to P-B activation with a transfer o f the chloride to the 
boron atom to give a chloroborohydride complex (Figure 4.1).^
[Cp*RuCI]4 + H gB P M eg
T o lu en e
R u - H Cl
Figure 4.1: Sythesis o f  [Cp*Ru(PM e3 )(riLBH 3 CI)]
Shimoi et al. also reported the formation o f a Lewis base stabilised boryl complex by 
salt elimination (Figure 4.2).'' This method has extensively been used to form 
tricoordinate boryl iron and ruthenium complexes.




R u  B
Figure 4.2: Synthesis o f  [Cp*Ru(CO)2 (B H 2 -PMe3 )]
Even if  there are no examples of phosphine or amine borane adducts, ruthenium or iron 
complexes Dixneuf et al. have reported the formation of
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Fe{HC(SMe)S-BH 3 }(CO)(PMe3 ) 2  where the borane is coordinated to a sulphur atom, 
thus forming a chelating Lewis base borane complex (Figure 4.3)7
P ivies y S M e  Q
PM63
^ " " 7  i '- 'H  .........  N3BH4 "Fe
C I ^ ' l ^ S  H , /
PM0 3  / \
H H
Figure 4.3: Synthesis o f  Fe{H C (SM e)S-BH 3 }(C O )(PM e 3 ) 2
This chapter will focus on the coordination of diphosphine monoborane adducts to the 
|C p ”Ru} fragment (Cp” = Cp, Cp% Cp*). Their reactivity and their use in catalytic 
reactions will also be discussed.
4 .2  R esu lts  an d  D iscu ss io n
4.2.1 Cyclopentadienyl Complexes
4.2.1.1 fCpRii(dppm BH 3)„][BAr/], [n = I (13). n = 2 (14)]
Slow addition o f one equivalent of dppm BH3 (1) to [CpRu(NCMe)3 ][BAr4 ''], which 
possesses three labile acetonitrile ligands and is a convenient source o f the {CpRu}^ 
fragment, leads to the formation of a mixture of [CpRu(rj^-H3 B-dppm)][BAr4 ^], (13), 
and [CpRu(r| ' -H3 B dppm)(A:'-dppm BH 3 )] [BAr4 ]^ (14) (Figure 4.4) in 54% and 23% 
yield respectively, as judged by NMR spectroscopy. The other ruthenium containing 
material could not be identified. Complex (13) could not be isolated as a pure solid, and 
thus (13) has only been characterised by 'H, and "B  NMR
spectroscopy in the mixture with (14). Complex (14), which has two dppm BH 3 
ligands, has been prepared alternatively in high yield (70 %) using two equivalent of 
dppm BH 3 and [CpRu(NCMe)3 ][BAr4 ^]. Use o f [PFô]’ instead o f [BAr4 ]^ ' as counter 
anion leads to the formation of an intractable mixture of compounds even with the 
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Figure 4.4: Synthesis o f  [CpRu(ri‘-H 3 B -dppm )][B A r/] (13) and [CpRu(r|'-H 3 B dppm)(x:'-
dppm BH 3 )] [B A r /] (14)
NMR data of the mixture of (13) and (14) have been unambiguously assigned by 
comparison with the NMR spectra of pure (14). In the "B  NMR spectrum of the 
reaction mixture the resonance assigned to (13) is observed at S  26.5 ppm. The large 
chemical shift change [A^ 62 ppm] from the free ligand (1) [S -36.3 ppm] suggests a 
significant Ru "B interaction, and indicates that the BH 3 group is bound in a T|^  fashion 
as found in the manganese complex (10). Sabo-Etienne et al. have reported a similar 
downfield shift [AS 76 ppm] for Ru(n^.H2 BC«H]4 h(PC y 3 ) relative to Li[H2 BCgH,4 ].  ^
DFT calculations performed on this complex also show an important delocalisation 
between the ruthenium, the boron and the bridging hydrogens confirming a significant 
Ru -B interaction.^’^  In the ‘H{*'B | NMR spectrum of (13) the BH3 resonances are 
observed as two peaks. One low field quadrupolar broadened peak at S  6.07 ppm of 
integral 1 H attributed to the terminal BH. The second resonance o f integral 2 H, 
corresponding to the bridging BH hydrogen atoms, is observed at a higher field S  - 
10.34 ppm. The inequivalence of the BH protons shows that the borane is static on the 
NMR time scale in solution and the integration o f 2 H in the hydride region confirms 
the T|^  binding mode. The methylene hydrogen atoms o f the dppm backbone are 
equivalent in solution and appear as a doublet o f doublets [J(PH) 9.6 Hz and J(P(bh3 )H)
11.9 Hz] at S2.95  ppm. The ^*P|'H} NMR spectrum of the reaction mixture (Figure
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4.5), in addition to the peaks eorresponding to (14), shows a doublet [J(PP) 108.4 Hz] 
at (^70.2 ppm and a quadrupolar broadened resonanee at 5  23.4 ppm corresponding to 
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Figure 4.5: NM R spectrum o f  the reaction mixture containing (13) and (14)
The ’’B NMR spectrum of (14) shows two signals in addition to the [BAr4 ^]‘ 
resonance, one at ô  -37.2 ppm assigned to the pendant phosphine borane, while the 
chelating borane resonance is observed at 43.9 ppm as a broader signal. 'H NMR 
spectrum of (14) shows two BH resonances of integral 3 H, one at 5  -3.10 ppm 
assigned to the chelating borane and a second one at 0.61 ppm assigned to the pendant 
borane. The former sharpens to a singlet on **B decoupling, while the second gives a 
doublet of doublets [J(PH) 14.2 Hz, T(PH) 9.7 Hz]. The methylene protons of the dppm 
backbone are inequivalent for both the chelating and the bridging ligand. Using 2D 
experiments the resonances could be assigned as follows; a doublet o f doublet of 
doublets [T(PH) 14.3 Hz, J(PH) 11.7 Hz, J(HH) 13.9 Hz] at ^  3.48 ppm coupled to a 
doublet of doublet of doublets [J(PH) 14.5 Hz, J(PH) 8.9 Hz, J(HH), 13.9 Hz] at ^2.08 
ppm assigned to the pendant ligand and for the chelating ligand a doublet of doublet of 
doublets [J(PH) 12.1 Hz, J(PH) 7.0 Hz, J(HH) 15.3 Hz] at 3.05 ppm coupled with
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another doublet o f doublet o f doublets [J(PH) 10.5 Hz, J(PH) 6 . 6  Hz, J(HH) 15.3 Hz] 
at ^  2.87 ppm. A ^’P COSY experiment (Figure 4.6) has also been used to assign the 
phosphorus resonances. A doublet of doublets [J(P(bh3 )P) 70.3 Hz, J(PP) 36.4 Hz] at 5
54.4 ppm coupled to the broad resonance at 5 9 .\ ppm has been assigned to the 
chelating dppm-BHs ligand. A doublet o f doublets [ J (P (b h 3)P ) 24.5 Hz, J(PP) 36.4 Hz] 
at Ô 42.1 ppm which couples with the broad peak at ô  14.6 ppm is assigned to the 
pendant ligand. This assignment is correlated with the decrease o f the coupling constant 
«7 (P(bh3 )P) observed for the different coordination modes o f the dppm BH3 observed in 
the course o f this project: J ( P ( b h 3)P ) (ri^-HgB dppm) > J ( P ( b h 3)P ) (rj^-HgB dppm) > 
*7 (P(bh3 )P) (^r'-dppm-BHs). These observation is strengthened by the recent report from 
Dyson et al. o f a J(P(bh3 )P) coupling constant of 29.2 Hz for [(r|^-/7-cymene)RuCl2 (A:*- 
dppm BH]).^^ The chemical shift in ^'P NMR spectra is also influenced by the 
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Figure 4.6: ^'P COSY NM R spectrum o f  (14)
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4.2.1.2 [CpRu(r}^-H2 CIB-dppm)][BAr/], (15)
When dppm-BH2 Cl (2) is used instead of dppm BH3 (1) this leads to the formation of 
[CpRu(ri^-H2 ClB-dppm)][BAr4 ^], (15), the chlorinated analogue o f (13), in a moderate 
yield (35% by NMR spectroscopy) and no analogue of (14) was observed. Similar to
(13) this complex could not be isolated as pure material, and co-products o f the reaction 


















Figure 4.7: Synthesis o f  [CpRu(r|^-H2 CIB dppm)][BAr4 ''], (15)
Spectroscopic data for (15) are similar to (13), except the terminal BH that is replaced 
by a chloride, and is thus not present on the 'H NMR spectrum. In the NMR 
spectrum of the reaction mixture the BH 2 CI group is observed as a quadrupolar 
broadened resonance at S  -10.23 ppm o f integral 2 H, that sharpens to a doublet [J(PH) 
7.5 Hz] on ’’B decoupling. The methylene protons o f the dppm backbone appear as a 
virtual triplet [J(PH) 11 Hz] of integral 2 H at <7 2.99 ppm. In the ^^P(*H} NMR 
spectrum of the reaction mixture two signals corresponding to (15) are observed as one 
doublet [J(PP) 89.8 Hz] at <569.1 ppm and a quadrupolar broadened resonance at ^17.4 
ppm. The signal corresponding to (15) in the ' ‘B NMR spectrum of the reaction 
mixture is diagnostic of a coordination of the borane; as for (13) the borane 
resonance is highly downfield shifted [A<556.3 ppm] to <538.9 ppm, compared with the 
free ligand (2) [<5 -17.4 ppm]. As discussed for the complex (10) and for (13) this 
downfield shift suggest a significant Ru- B interaction consistent with a bonding of 
the borane that leads to a closer Ru- B contact.
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4.2.1.3 [CpRu(PR3)(r}‘-HsB-dppm)][PFé], (16, 17)
As addition of dppm-BH] to [CpRu(NCMe)3 ][Y] (Y = [PFô]’, [BAr4 ^]') does not lead to 
the formation of a clean product, one acetonitrile ligand was substituted by a non bulky 
phosphine or phosphite to form [CpRu(PR3 )(NCMe)2 ][PF6 ] (PR 3 = PMe3 or P(0 Me)3 ) 
which contains only two labile MeCN ligands, making these precursors ideal for the 
addition o f chelate ligands.'*’'^ Addition of (1) to the bis nitrile ruthenium complex 
cleanly affords [CpRu(PMe3 )(r| ^ -H3 B dppm)] [PFe] (16) and [CpRu(P(0 Me)3 )(r| '- 
H 3B dppm)][PF6 l (17) (Figure 4.8). Even though the conversion is high by NMR 
spectroscopy (~90 %), both (16) and (17) were isolated as analytically pure materials in 
only moderate yield (42 and 58% respectively). Both the trimethylphosphine complex
(16) and the trimethylphosphite complex (17) were characterised by ’H, *H{’*B}, 
^’P ('H }, "B  NMR spectroscopy and by X-ray diffraction analysis.
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B 1 -H 1 a 1.18(4)
B l-H lb 1.13(4)
B l-H lc 1.34(4)
Ru-H lc-Bl 116(3)





T able 4.1: Selected bond lengths (A) and angles (°) for (16) 
(averages over two independent m olecules in the unit cell)
Figure 4.9 : Solid-state structure o f  the cationic portion o f  (16) for one o f  the two independent ion pairs in the unit 
cell. Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms apart from those associated with 
the borane have been omitted for clarity.
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Complex (16) crystallises as two independent ion pairs in the unit cell. Both pairs have 
the same bond lengths and angles within error, and the averages are given in Table 4.1. 
The solid-state structure is shown in Figure 4.9. The borane hydrogen atoms were 
located in the final Fourier difference map and freely refined. The borane is bound to 
the metal via one Ru-H-B 3c-2e interaction. Similar to the chromium and manganese 
complexes reported in chapter 3, even if  bridging and terminal BH distances are the 
same within error (3 o), the B-H bond distance involved in the Ru-H-B interaction 
appears lengthened [1.34(4) Â] in comparison to the terminal BH distances [1.18(4) 
and 1.13(4) Â] consistent with the 3c-2e bonding description. The Ru-B distance is 
long [2.520(4) Â] in comparison to those in the boryl complexes 
Cp*Ru(CO)2 BH 2 PMe3 ‘ [2.243(8) Â] and Ru(Bcat)2 (CO)2 (PPh3 )2 ‘’ [2.100(3) A], 
suggesting no direct metal boron bond in (16), this is consistent with the "B  NMR 
spectrum o f (16) (vide infra). In the five membered chelate ring complex 
RuH(PMe3 )3 {ri‘,ri*-PMe2 CH2 B(C8 H[4 )(p-H)''^ (Figure 4.10) which possess a Ru-H-B 
interaction, both Ru-B [2.994(1) Â] and Ru-H [1.94(2) Â] bond lengths are longer than 
that found in the six membered chelate ring (16) [Ru-B 2.520(4) Â and Ru-H 1.64(4) 
Â] and this is maybe due to the decrease of constraint caused by the 5 membered 
chelate ring in (16). The Ru-H-B angle [116(3)®] is more compressed than in (7) 





Figure 4.10: [RuH(PMe3 ) 3 (r|’,Ti'-PMe2 CH 2 B(C 8 H i4 )(^-H)]
In the *H NMR spectrum of (16) the hydrogens o f the methylene group o f the dppm 
backbone are not equivalent, which is consistent with the solid-state structure, and they 
are observed as two doublet o f doublet o f doublets at ô  3.73 ppm [J(PH) 11.6 Hz, 
^P(BH3 )H) 11.2 Hz, J(HH) 14.8 Hz] and at 52.92  ppm [J(PH) 7.8 Hz, J(P(bh3 )H) 13.6 
Hz, J(HH) 14.8 Hz]. The borane resonance is observed as a broad quartet o f integral 3 
H. The J(BH) coupling constant is reduced [J(BH) 81 Hz] in comparison to the free 
ligand (1) [J(BH) 112 Hz]. As discussed for (7) the reduction o f the coupling constant
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is consistent with a 3c-2e Ru-H-B interaction. The equivalence o f the BH hydrogens 
suggests a fast rotation around the P-B axis at room temperature. This fast exchange 
can be frozen out at low temperature (190 K) to give three environments in the ^H{^^B} 
NM R spectrum: two associated to the terminal BH hydrogen atoms (<^2.42 and 1.39 
ppm) and a hydridic resonance { S -14.85 ppm) corresponding to the bridging BH. That 
the rotation o f  the borane hydrogens can be halted this suggests a stronger M-H-B 
interaction than the chromium complexes (7). That is consistent with the more 
compressed M-H-B angle found for (16) [116(3)°] compared to (7) [ 136(3)°] that 
suggests a stronger interaction. From the VT N M R experiments the AG^ for BH 
exchange in (16) has been estimated to be -38(2) kJ m o l '\  In comparison, Shimoi’s 
[(C 0 )5 Cr(r|^-H3 B PMes)],^^ where the exchange between terminal and bridging BH 
cannot be frozen out, the AG^ o f the exchange process has been estimated to be less 
than 30 KJ m o l '\  The ^^P{^H} NM R spectrum o f (16) displays three peaks. The PMeg 
resonance is observed as a doublet o f doublets [J(PP) 42.6 Hz and J(PP) 1.3 Hz] at S
2.9 ppm. The metal bound phosphorus o f the dppm BHg resonance also appears as a 
doublet o f doublets [/(P(M e3)P) 42.6 Hz and J(P(bh3)P) 74.0 Hz] at 61.4 ppm. The 
borane bound phosphorus atom is observed, as expected, as a broad peak at 15.1 ppm 
that is not shifted from the free ligand. The ^^B NM R spectrum o f (16) shows a single 
peak at S  - 43.7 ppm that is close to the free ligand (1). The very small chemical shift 
change suggests that there is no significant Ru - B interaction, consistent with an 
interaction that also leads to a longer M B distance as observed in the solid-state 
structure. Change o f  the M-B distance as a function o f the coordination mode has been 
reported by Bernstein et a i ,  and by Edelstein for tetrahydroborate complexes. They 













B l-H la 1.07(6)
B l-H lb 1.30(6)
B l-H lc 1.06(6)






T able 4.2: Selected bond lengths (A ) and angles O  
for (17). (averages over four independent m olecules 
in the unit cell)
F igure 4,11: Solid-state structure o f  the cationic portion o f  (17). Thermal ellipsoids are shown at the 50% 
probability level. Hydrogen atoms apart from those associated with the borane have been omitted for clarity.
72
The trimethylphosphite complex (17) has also been characterised by X-ray diffraction 
studies (Figure 4.11). The complex (17) crystallises with four independent ion pairs in 
the unit cell, and bond lengths and angles are the same within error for these four 
independent ion pairs. The borane hydrogens were located in the final Fourier 
difference map and freely refined. As for (16) the bridging B-H distance [1.30(6) Â] 
appears to be longer than the terminal B-H bond distances [1.06(6) Â], although they 
are the same within experimental error (3o). This elongation is consistent with a 3c-2e 
Ru-H-B interaction.’ ’^*^  The change from the essentially o-donor PMeg to the tt- 
acceptor P(0 Me ) 3  does not cause a significant change in structural characteristics of
(17) in comparison to (16) as shown by the Ru-H-B angle o f (17) [119(4)°] that is 
similar to that o f (16) [116(3)°]. The Ru - B distance [2.499(8) Â] is also long and the 
same as (16) [2.520(4) Â] and suggests that there is no significant Ru - B interaction.
In the *H NMR spectrum of (17) the methylene hydrogen atoms of the dppm backbone 
are inequivalent. They are observed as two doublet o f doublet o f doublets which are 
partially overlapped leading to a complicated looking spectrum. The Figure 4.12 shows 
the theoretical and experimental 'H NMR spectrum of the methylene region which is 
assigned as follows: ^  3.57 ppm [J(PH) 12.0 Hz, J(P(bh3 )H) 12.2 Hz and J(HH) 14.4 
Hz] and ^3.51 ppm [T(PH) 10.0 Hz, J(P(bh3 )H) 14.6 Hz and J(HH) 14.4 Hz].
Figure 4.12: theoretical (left) and experimental (right) 'H NM R spectrum o f  the methylene protons o f
(17)
As found for (16), the BH hydrogen atoms in (17) are equivalent at room temperature 
revealing a rapid exchange between terminal and bridging hydrogens, and are observed 
as a broad resonance at S-3A 6  ppm. This rotation can be frozen out at low temperature 
(190 K) to give one hydridic resonance at S  -14.03 ppm and two lower field peaks at S
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2.89 and ô  1.23 ppm corresponding to the terminal BH hydrogens. Interestingly the 
coalescence temperature for this process (-250  K) is similar to that o f  the phosphine 
complex (16) showing that the phosphine has very little effect on the Ru-H-B bond 
strength. The change from a phosphine to the phosphite does have an small impact on 
the Cp resonance which is slightly shifted downfield [S  4.85 ppm] from the 
corresponding resonance for (16) [S 4.58 ppm]. In the ^^P{^H} NM R spectrum o f (17) 
the P(0 M e ) 3  resonance is observed as a doublet [J(PP) 66.3 Hz] at 154.1 ppm, which 
is downfield in comparison to the PMeg peak [S  2.9 ppm] in (16), as is usual for 
P(OMe)] complexes. The dppm-BHg resonances are comparable to (16); a doublet o f 
doublets [J(P(0 Me)3 P) 66.3 Hz and J(PP(bh3 )) 69.8 Hz] at J  61.3 ppm and a quadrupolar 
broadened resonance at ^  14.1 ppm assigned to the borane bound phosphous. In the ^^B 
NM R spectrum o f (17) a single resonance at S  -44 ppm which is similar to (1) suggests 
that there is no significant Ru B interaction as found for (16). This is consistent with 
the long Ru-B distance [2.499(8) Â] found in the solid-state structure.
4.2.2 M ethylcyclopentadienyl complexes
4.2.2.1 [ Cp ’Ru(rj^-H3 B-dppm )][BAr/], (18)
In order to modulate the Lewis acidity o f  the metal centre to evaluate the influence o f 
the metal Lewis acidity on the bonding strength, the Cp group was changed for the 
more electron releasing methylcyclopentadiene (C p’).^ ® Addition o f one equivalent o f 
(1) to [Cp’Ru(NCM e)3 ][BAr4 ^]^° leads to the relatively clean formation o f [Cp’Ru(r|^- 
H 3 B dppm)] [BAr4 ]^ (18) (Figure 4.13). The yield is only 72% by NM R spectroscopy, 
due to the difficulty encountered in synthesising [Cp’Ru(NCM e)3 ][BAr4 ]^ free o f 
[CpRu(NCMe)3 ] [BAr4 ]^ contamination (20 %). This contamination is due to the 
presence o f cyclopentadiene in the commercial methylcyclopentadiene, which could 
not be purified in spite o f  repeated attempts. This impurity is incorporated during the 
formation o f  [Cp'Ru(NCM e)3 ][BAr4 ^], that requires a large excess o f 
methylcyclopentadiene. The final product (18) also could not be separated from (13) 












Figure 4.13: Synthesis o f  [Cp'Ru(r|^-BH3 dppm )][B A r/] (18)
The "B  NMR spectrum of the reaction mixture shows a major peak at 24.6 ppm that is 
61 ppm downfield shifted from the free ligand (1). This large shift, already 
discussed for the Cp analogue (13), suggests a significant Ru - B interaction indicating 
an coordination mode. In the NMR spectrum o f the reaction mixture the borane 
protons are inequivalent as found for the other coordinated complexes (10) and (13). 
Firstly, one peak of relative integral 2 H is observed in the hydride region as a broad 
peak at 5 -  10.10 ppm. Secondly, a very broad peak o f integral 1 H is present at ô  5.62 
ppm, as found in (10). Both these peaks sharpen on boron decoupling to give, still 
rather broad, singlets. The methylene hydrogen atoms of the dppm backbone resonate 
as an integral 2 H doublet of doublets [T(PH) 9.5 Hz and J(P(bh3 )H) 12.2 Hz] at A 2.90 
ppm. The ^*P{'H} NMR spectrum of (18) displays a doublet at ô  69.9 ppm 
corresponding to the metal bound phosphorus atom. The borane bound phosphorus 
atom is observed at S 2 3 A  ppm, which is not so shifted from the free ligand (1).
The change from cyclopentadienyl to the slightly more electron donating 
methylcyclopentadienyl leads to a relatively better yield with no noticeable formation 
of [Cp’Ru(q'-H 3 -dppm)(A:*-dppm-BH3 )][BAr4 ^]. This reactivity can be explained 
by the enhanced lability of the acetonitrile ligands when the Lewis acidity of the metal 
centre decreases. This property is nicely illustrated by the ability to displace only one 
acetonitrile ligand by P(0Me)3 at room temperature from [CpRu(NCMe)3 [Pp6 ] while 
all three nitrile are displaced for [Cp*Ru(NCMe)3 ][Pp6 ].*^’^ '
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4.2.2.2 [Cp'Ru(ti^-H 2 ClB dppm )][BA r/] (19)
Addition of the halogenated ligand (2) to [Cp’Ru(NCMe)3 ][BAr4 '"] leads to a mixture 
o f compounds where [Cp’Ru(t|^-H2 CIB dppm)][BAr4 *"), (19) (Figure 4.14) the chloro 
analogue o f (18), could be identified by 'H, 'H {"B }, and "B  NMR
spectroscopy. The complex (19) is present in only 35% yield by NMR spectroscopy 
partially due to the impurity o f the starting material already discussed and the lower 
yield of the reaction in comparison to (18). A lower yield o f reaction when using the 











F igu re  4,14: Synthesis o f  [C p ’Ru(ri^-H2 ClB dppm )][B A r 4 ''], (19)
The ‘*B NMR spectrum of the reaction mixture displays one resonance at ô7>6.1 ppm. 
As discussed for (13), a large shift [A<5 5 4 .1  ppm] from (2) suggests a significant Ru -B 
interaction indicating a coordination mode on the basis that an coordination 
induce a smaller Ru - B distance. The NMR spectrum of the reaction mixture 
displays a hydridic resonance of relative integral 2  H at ^  - 9 .8 6  ppm attributed to the 
borane hydrogen protons. This resonance sharpens on '*B decoupling to doublet [J(PP) 
7 .8 0  Hz]. The methylene protons of the dppm are observed as a doublet of doublets 
[J(PH) 10 .1  Hz and J ( P ( b h 3)H ) 1 1 .9  Hz] o f integral 2  H at ^ 2 . 9 6  ppm, these hydrogens 
are equivalent in solution consistent with an p^ coordination. The ^ 'P |'H }  NMR 
spectrum shows a doublet [J(PP) 8 9 .1  Hz] at ô  6 8 .7  ppm and a quadrupolar broadened 
peak at ^ 1 7 . 3  ppm characteristic o f the coordination of the dppm borane ligand.
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4.2.3 Pentamethylcyclopentadienyl complexes
4.4.1.1 [Cp*Ru(n"-H3 B dppm)][Y], (Y = [PFe]' or [B A r/] '), (20)
As suggested by the use of Cp’, a more electron releasing Cp analogue appears to 
favour the coordination of the borane, thus the strong electron releasing 
pentamethylcyclopentadienyl (Cp*) was used. Unlike [CpRu(NCMe)3 ][Y], addition of
(1) to [Cp*Ru(NCMe)3 ][Y] (Y = [PFô]' or [BAr4 ^]' gives [Cp*Ru(p^-H3B-dppm)][Y],
(20) in high yield (94%) (Figure 4.15). The complex (20) has been characterised by 'H, 
'F1{"B}, and ‘*B NMR spectroscopy and by X-ray diffraction studies.
[Y1
Y = PFe, BAr^F
dppm BH3 
CH2 CI2





Figure 4.15: Synthesis o f  [Cp*Ru(H 3 B dppm)][Y] (20)
The solid-state structure of (20) is shown in Figure 4.16 and relevant bond lengths and 
angles are given in Table 4.3. The borane hydrogen atoms were located in the final 
Fourier difference map and freely refined. It is interesting to notice that, as found in 
(16) and (17), the bridging B-H distances [1.29(4) and 1.35(5) Â] appear again to be 
longer than the terminal B-H [1.14(3) Â] even if they are the same within error (3a). 
This is consistent with 3c-2e Ru-H-B interactions as previously discussed.'^ The solid- 
state structure shows that the dppm BH 3 ligand binds to the ruthenium via one 
phosphorus atom and by two B-H-Ru interactions. These latter interactions are 
evidenced by the short Ru-H bond lengths [1.61(4) and 1.70(3) Â] that are similar to 
that found in (16) [1.64(4) Â] and (17) [1.70(6) Â]. In contrast the Ru-B distance is 
short [2.180(4) Â] in comparison to (16) [2.520(4) Â] and (17) [2.499(8) Â]. This 
distance is more comparable to that found in boryl complexes such as 
Cp*Ru(CO)2 (BH 2 -PMe3 )‘‘ [2.243(8) A] and Ru(Bcat)2 (C 0 )2 (PPh])2 "  [2.100(3) A[. The
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Ru-B distance is also similar to the distances found for ruthenium dihydroborate 
complexes such as Cp*Ru(PMe3)(rj^-H3BCl) [2.122(8) A ] /  RuH{r|^-(H)2Bpin}(o- 
HBpin)(PCy3 )2  [2.188(5) A]“  and Ru{(n^(H)2BC:Hi4 )2 (PCy3)} [2.085(2) Â].’ The 
question arises on the nature o f the bonding, is it a dihydroboryl or is it more like a 
borohydride? The Hl-Ru-H2 angle can be used to answer to this question. The Hl-Ru- 
H2 angle [74.4(18)°] is more compressed than expected for a dihydride complex (A) 
(Error! Reference source not found. 3.13) as for example 
[Cp*Ru(H)2 (PPh2 'Pr)2 ][B A r/] [124.5(17)°]^^ and more like borohydride complex (C) 
such as [RuH{r|^-(H)2BBN}(H 2)(PCy3)2] [69(2)°].^ Furthermore the B-Ru-Hl and B- 
Ru-H2 angles [36(1) and 38(1)] are the same, meaning that the bonding cannot be 




















Figure 4.16: Solid-state structure o f  the cationic portion o f  (20). Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms apart from those associated with the borane have been omitted for clarity.
T able 4.3: Selected bond lengths (Â ) and angles 
(°) for ( 2 0 )
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The NMR spectrum o f (20) shows a single peak at 1 5 .6  ppm, indicative o f an rj^  
coordination o f  the BH3 group as already discussed for (10). The NMR spectrum o f  
(10) displays two BH resonances. Firstly, a very broad peak is displayed at 5  5 .1 2  ppm. 
Secondly, a broad resonance [./(BH) 4 0  Hz] is observed in the hydride region at ô  - 9 .0 8  
ppm o f integral 2  H assigned to the Ru-H-B interactions. Both resonances sharpen on 
^^ B decoupling. The methylene protons o f  the dppm backbone are equivalent and are 
observed as a doublet o f doublets [J(PH), 8 .9  Hz and . / ( P ( b h 3)H )  1 2 .3  Hz] at 5  2 .9 0  
ppm. The ^*P{^H} NMR o f (20) is similar to the other complexes, one doublet [/(PP) 
9 8 .3  Hz] at 5 6 3 .3  ppm and a quadrupolar broadened resonance at 1 8 .7  ppm. In the IR 
spectrum (KBr) o f  (20) only one BH band is observed ( 2 4 5 4  c m ' \  corresponding to 
the terminal BH, was observed. The bridging BH is presumably too broad to be 
observed.
4.2 .3 . 2  Addition o f  PM e3  to [Cp*Ru(rj^-HsB-dppm)][PF6], (20)
As complex (20) posses two potentially labile Ru-H-B interactions, PMcg has been 
added to attempt to form an analogue o f (16) to assess if  the BH3 group can act as a 
hemilabile ligand. This is related to the suggestion by Marks that the tetrahydroborate 
ligand might change its coordination mode from to during a catalytic reaction.^ "  ^
In addition, Duckett et a l  recently reported the observation by NMR spectroscopy at 
low temperature (< 2 5 0  K )  o f a change o f coordination o f an q^  tetrahydroborate 
ruthenium complex when one equivalent o f  PMezPh was added at 1 9 0  As
expected the addition o f one equivalent o f  PMe3 to [Cp*Ru(q^-H3B dppm)] [PFg] (20) 
almost quantitatively gives [Cp*Ru(PMe3)(q^-H3B*dppm)][PF6], (21), by opening o f  
the q^  coordinated BH3 group (Figure 4 .1 7 ) .  The successful synthesis o f  (21), which is 
a analogue o f the Cp complex (16), was shown by ^H, ^H{^^B}, ^*P{*H}, ^^ B NMR 
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Figure 4.17: Synthesis o f  [Cp*Ru(PM e3 )(ri'-H 3 B-dppm)][PF 6 ], (21)
The solid-state structure of (21) is shown in Figure 4.20 and selected bond lengths and 
angles are given in Table 4.4. The protons bound to the boron were located in the final 
Fourier difference map and freely refined and are the same within error. The structure 
is similar to that of (16) except that the Ru - B distance [2.5904(19) Â] is slightly longer 
than for (16) [2.520(4) Â] perhaps as a consequence o f the sterically more bulky Cp* 
ligand. The Ru-B distance is long in comparison to (20) [2.180(4) A ] .  This elongation 
confirming the change from an to an q* coordination mode of the borane as the 
M--B distance can be related with the coordination mode o f the borane as reported by 
Bernstein and Edelsten for tetrahydroborate c o m p l e x e s . F o r  example copper 
tetrahydroborate complexes shows a similar elongation o f the Cu-B distance (Figure 














B l-H la 1.07(6)
B l-H lb 1.12(6)







Table 4.4: Selected bond lengths (A ) and angles 
O  for (2 1 )
Figure 4.19: Solid-state structure o f  the cationic portion o f  (21). Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms apart from those associated with the borane have been omitted for clarity. 82
The NM R spectrum o f (21) displays a single resonance at 40.2 ppm, which is 
comparable to that o f  (1) [ S -36.8 ppm], and is shifted A S  55.8 ppm upfield o f  (20) [S
15.6 ppm] suggesting that there are no significant Ru - B interactions, consistent with 
the r|* coordination o f  the borane.^^’^  ^ The NM R spectrum o f (21) shows a 
quadrupolar broadened [/(BH) 66.4 Hz] hydride resonance at S  -3.39 ppm o f integral 3
H. This resonance sharpens to a singlet on ^^B decoupling. The equivalence o f  the BH 
hydrogen atoms indicates a rapid rotation o f the BH 3 group around the P-B axis. The 
equivalence o f the BH suggests a more facile rotation o f the BH 3 group around the P-B 
axis in comparison to (20), this is consistent with the change from two Ru-H-B 
interactions in (20) to a single Ru-H-B interaction in (21), that consequently leads to a 
weaker metal BH 3 interaction. At low temperature (190 K) a very broad resonance is 
observed at S  — 14 ppm suggesting that the fluxional process is starting to be frozen 
out even if  the low temperature limit has not been reached at 190 K. This is a lower 
temperature in comparison to (16) suggesting that the fluxional process is more facile 
than in the Cp analogue (16). This more facile rotation can be explained by the 
enhanced electron-donation from the Cp* to the metal centre in comparison to Cp that 
makes the ruthenium less Lewis acidic.^^ The hydrogens o f the methylene group o f the 
dppm are no longer equivalent on coordination o f PM c3 . They are observed as two 
doublet o f doublet o f doublets [/(PH) 11.2 Hz, / ( P ( b h 3)H )  11.2 H z  and /(H H ) 15.2 Hz] 
at S  4.06 ppm and [/(PH ) 7.2 Hz, / ( P ( b h 3>H) 14.8 Hz and /(H H ),15.2 Hz] at S  3.12 
ppm. The ^^P{^H} NM R spectrum o f (21) displays three peaks confirming the 
coordination o f  the PM e3 . The PM e3 resonance consists o f  a doublet o f  doublets [/(PP)
42.6 Hz and /(P(bh 3 )P) 2.3 Hz] at S  -4.3 ppm. The dppm-BH 3 ligand resonances are 
observed as a doublet o f  doublets [/(Pivie3 P) 41.7 Hz and /(P P ) 67.3 Hz] at S  59.1 ppm 
and as a quadrupolar broadened peak at S  10.6 ppm.
4.2.3.3 Addition o f  C O to [Cp*Ru(rj -HsB-dppm)][BAv4  ], (20)
To further probe the changes o f the coordination mode o f  the BH 3 group a different 
donor ligand was added to (20). Under an atmosphere o f  CO complex (20) 
quantitatively reacts to give [Cp*Ru(CG)(ri^-H3 B-dppm)][BAr4 ]^ (22), with a 
concomitant change from to a mode o f  coordination o f  the BH 3 group as found for
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(21) (Figure 4.20). The complex (22) was characterized by ” B











Figure 4.20; Synthesis o f  [Cp*Ru(CO)(n'-HjB d p p m )][B A r/], (22)
The complex (22) crystallises with two independent ion pairs in the unit cell. Both pairs 
have similar bond lengths and angles, within error, and the averages are given in Table 
4.5. The BH] group is now bound via only one B-H-Ru 3c-2e interaction. The change 
from the o-donor for (21) to a 7c-acceptor for (22) does not lead to significant structural 
changes. The Ru-B distance [2.635(2) Â] is comparable to that o f (21) [2.5904(19) Â]. 












B l-H la 1.10(3)
B l-H lb 1.10(3)





T able 4.5: Selected bond lengths (A ) and angles 
O  for (2 2 ) (averages over two independent
Figure 4.21: Solid-state structure o f  the cationic portion o f  (22) o f  one o f  the two independent ion pair in the
unit cell. Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms apart from those
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In the "B  NMR spectrum of (22) a single high field resonance at S  -39.3 ppm is 
observed, that shows the change of the borane coordination from r|^ to r|% as discussed 
for (21). The 'H NMR spectrum of (22) displays a quadrupolar broadened [J(BH) 50.3 
Hz] resonance at -3.01 ppm of integral 3 H. The equivalence of the BH hydrogen 
atoms suggests a rapid rotation of the BH] group around the P-B axis. This is consistent 
with an T]' coordination o f the BH] group as changing from two Ru-H-B interaction to a 
single one should lead to more facile rotation. This resonance sharpens to a doublet 
[7(PH) 7.9 Hz] on '*B decoupling. The methylene hydrogens o f the dppm backbone are 
inequivalent as expected for this q* complex and are observed as two sets of doublet of 
doublet of doublets at ^3 .82  ppm [J(PH) 10.4 Hz, J ( P ( b h 3)H ) 11.4 Hz and J(HH), 15.5 
Hz] and at S3.39  ppm [J(PH) 8.0 Hz, J ( P ( b h 3)H ) 14.9 Hz and J(HH) 15.5 Hz]. The Cp* 
resonance of (22) [S 1.66 ppm] is slightly shifted from that of (2 1 ) [S 1.50 ppm] 
possessing a good o donor. The ^^P(*H} NMR spectrum displays two signals: one 
doublet [J(PP) 58.0 Hz] at <^51.6 ppm and one quadrupolar broadened resonance at S
13.5 ppm. The IR spectrum (KBr) of (22) shows, in addition of two terminal BH 
stretching frequencies [2469 and 2401 cm’*], a strong CO stretching band at 1963 cm’*. 
The bridging BH stretching band could not be observed as it might be too broad, as 
reported for [Cu(q^-B2 H4 -2 PMe])2 ]Cl.^^
Attempts to crystallise the PFô salt o f the complex (22) from a CH2 Cl2 /pentane layer 
resulted in a small number of crystals which were not (22), to be isolated. An X-ray 
diffraction study shows that the isolated complex is 
[Cp*Ru(CO)(N(CHCH])H2 B-dppm)][PF6 ], (23) in which one molecule of acetonitrile, 
which presumably carries over from the synthesis o f (20), has been hydroborated by the 









Figure 4.22: Synthesis o f  Cp*Ru(CO)(N(CHCH 3 )H 2 B-dppm)][PF 6 ], (23)
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A possible mechanism o f the formation o f (23) involves the decoordination o f the BH3 
group with coordination o f an acetonitrile molecule (Figure 4.23), which is activated 
toward hydroboration by coordination to the cationic metal centre.^ '^^  ^ A similar 
mechanism to that reported by Berke et a l  for the related formation o f ReCl(ri'- 
H3 B N(CHCH 3 )}(PM e3 )2 (N 0 ) can be proposed.^^ In the case o f  ReCl{ri'- 
H3 B N(CHCH 3 )}(PM e3 )2 (N 0 ) a bound acetonitrile is reduced by NaBH 4  by a 
sequential mechanism involving the nucleophilic attack at the nitrile a-carbon by H". 
This hydride attack leads to the transfer o f  a pair o f  electrons on the nitrogen atom to 
form a lone pair that subsequently reacts with the BH 3 . For (23) we suggest that the 
hydride is delivered by the phosphine borane that heterolytically cleaves into H' and a 
borenium [dppm-BH2 ]^ . This is consistent with the report by Shimoi et a l  o f  the 
spontaneous heterolytic cleavage o f the manganese coordinated H3 B PMe3 into H’ and 
[Fl2 B-PMe3 ]^ .^  ^ The second step is the coordination o f  the lone pair to the borenium 
(that is isoelectronic with borane). Such a reaction has been reported. For example 
Ryschkewitsch et a l  reported the addition o f  NM e3 to [4-methylpiridine BCb]^ to form 
[(4-CH3CsH4N)(Me3N)BCl2][PF6].’*
-
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Figure 4.23: Possible mecanism o f  the hydroboration o f  MeCN
/  ' Ph,
( 2 3 )
Attempt to obtain (23) in a higher yield, for further characterisation, by addition o f  
acetonitrile to (2 2 ) leads to decomposition o f the complex to mainly form 
















T able 4.6: Selected bond lengths (A) and angles 
n  for (23)
Figure 4.24: Solid-state structure o f  the cationic portion o f  (23). Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms apart from those associated with the borane have been omitted for clarity.
The solid-state structure of (23) is shown in Figure 4.25 and selected bond lengths and 
angles are given in Table 4.6. The structure shows an acetonitrile ligand that has been 
hydroborated. The N-C37 distance [1.284(2) Â] is long in comparison to a coordinated 
acetonitrile as found in [Cp*Ru(NCMe)3 ][C 5 (CF3 )4 H] [1.129 consistent with the 
reduction of bond order from 3 to 2. In addition the N-C distance is similar than the 
distance found for ReCl{r|‘-[H3 B-N(CHCH3 )}(PMe3 )2 (NO)] [1.273(13) A ] ,  which 
possesses a N=C double bond.^^ The geometry around the nitrogen is distorted from a 
linear geometry [C37-N-B 116.39(14) A ,  C37-N-Ru 127.20(12) A  and B-N-Ru 
115.65(10) A ] .
4.2.3.4 Addition o f  MeCN to [Cp*Ru(ri^-H3 B-dppm)] [PFe], (20)
Addition of 10 equivalents of the weaker ligand MeCN (compared with CO) to (20) 
does not lead to any observable changes at room temperature on the NMR time scale. 
However when dissolved in neat acetonitrile a very broad resonance is observed at ô — 
3 ppm suggesting a fast exchange with acetonitrile. When a CD 2 CI2 solution of (20) in 
the presence of 10 equivalents of MeCN is cooled an acetonitrile adduct 
[Cp*Ru(NCMe)(ri‘-H 3 B-dppm)][PF6 ], (24) progressively appears in the and












Figure 4.25: Equilibrium between (20) and (24)
In the *H('*B} NMR spectrum of (20) in the presence o f 10 equivalents of MeCN at 
low temperature a broad resonance at <5-2.70 ppm is observed, which is comparable to 
the other q* complexes (21), and (22), and suggests the presence o f an acetonitrile
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adduct. The NMR spectrum at low temperature consists of two sets o f doublets
and broad resonances. One of these sets of resonance can be assigned to (20), and the 
other two are assigned to the acetonitrile adduct (24). Recording NMR spectra
over a variety of temperatures for this equilibrium and using a Van’t Hoff plot (Figure












y = 2350.9X- 12.661 
R  ^= 0.9935
-2,5
-3.5
0.003 0.0035 0.004 0.0045 0.005 0.0055
1 IT
Table 4.7: Equilibrium constants Figure 4.26:V an’t H off plot
The positive value o f the AS” suggests a less ordered transition state, this is consistent 
with an intermolecular process. The AH” value given by the Van’t Hoff plot 
corresponds to the enthalpy associated to the breaking of a Ru-H-B interaction and the 
addition reaction of a MeCN to the metal eentre. The AH” value of the bond breaking 
step can be estimated to 63 kJ m o f', by assuming that the enthalpy of the addition 
reaction o f MeCN is equal to that reported by Nolan et al. for the addition of MeCN to 
the eationic 16 e‘ ruthenium (II) complex [(Ph2 PNMeNMePPh2 )RuCl] [BFq] of -83(1) 
kJ mol-'.**"
In neat acetonitrile (20) decomposes slowly (weeks) to give 
[Cp*Ru(NCMe)(dppm)][BAr4 ]^ as the main product."*' The decomposition pathway 
probably involves the hydroboration o f an acetonitrile moleeule. However the 
hydroboration product could not be observed by NMR. Use o f benzonitrile, which is 
more activated toward hydroboration, leads to a faster deeomposition but still no 
organie produets could be identified.
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4.2.3.5 Addition o fD 2  ta [Cp*Ru(rj^-HsB'dppm)][BAr/], (20)
Under H 2 , over all temperature ranges, the N M R spectrum o f (20) shows no H 2  
interaction with the metal centre, and the H 2  is observed as a sharp singlet at ÔA.6 ppm. 
However when the complex (20) is placed under an atmosphere o f  D 2  a characteristic 
HD 1:1:1 triplet [^4 .55  ppm, J(DH) 43 Hz] is observed on the ^H N M R spectrum after 
~15 minutes. In addition, the BH resonances progressively (ti / 2  ~1 h) disappear 
suggesting H/D exchange. ^H NM R spectrum o f d]-(20) shows two deuteride 
resonances, one at ô -9.13 ppm and ^  5.11 ppni. These resonances are at a similar 
chemical shift to the BH peaks on the ^H NM R spectrum o f (20), confirming the 
deuteration o f (20). Shimoi et al. reported a mechanism for the H/D exchange o f borane 
protons o f  HgB-PMes by ReH 7 (PPh3 ) 2  in a heated C^De solution (Figure 4.27)."^^ The 
proposed mechanism involves the formation o f a polydeuterated rhenium hydride 
complex by multiple oxidative addition / reductive elimination o f  CôDô to a unsaturated 
rhenium fragment {ReH 5 (PPh3 )2 } obtained by reductive elimination o f  H 2 . The second 
step postulates the formation o f an intermediate, which was not observed, possessing a 
3c-2e interaction [Re(PPh3 )2 D 5 (rj^-H3 B-PMe3 )] followed by a scrambling o f the H/D.
ReHy(PPh3)2 , ReH5(PPh3)2  ► (PPh3)2H5-xDxRe
H3 B PIVIe3
  / \
(P P h 3 )2 H 5 -x D x .iR e ^  ^ B H 2 'P M e 3  ------------------ (P P h 3 )2 H 5 -x D x .iR e ^  BH2 PIVIe3
D
O '
Figure 4.27: Mecanism of deuteration ofH3B PMes by ReH7(PPli3 ) 2
Based on this mechanism, the proposed route (Figure 4.28) for the deuteration o f (20) 
involves an oxidative addition o f D 2  to the ruthenium (II) metal centre. This step 
probably goes trough the initial formation o f  dihydrogen adduct (A) with a change o f 
the BH 3 coordination from to r | \  followed by oxidative addition o f the D 2  (B).
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Formation of dihydride ruthenium complex by oxidative addition of H2 via a 
dihydrogen complex is known for 16 e' complexes such as [Cp*Ru(P'Pr3 )2 ][BAr4 ]^ 
which gives [Cp*Ru(H)2 (P'Pr3 )2 ][BAr4 ]^ on reaction with Further evidence for
the formation o f the possible intermediate [Cp*Ru(H)2 (r|'-H 3 B-dppm)][BAr4 ]^ is given 
by the lack o f H/D exchange for the p* complexes (21) and (22) that must not allow the 
formation of an dihydrogen / dihydride intermediate as they are operationally saturated. 
This mechanism is also consistent with the lack o f H/D exchange observed for (10), as 
even if the coordination of the borane can change to p ' in this complex, the Lewis 
acidic metal centre does not allow the oxidative addition of D2 necessary prior the H/D 
scrambling. The last step of the H/D exchange in (20) is a reductive elimination of HD, 
(D), that is observed in the *H NMR spectrum.









Figure 4.28: Deuteration mechanism
H/D scrambling (C) is supported by theoretical studies of the exchange process 
between coordinated B-H and hydride for OsH 3 (r|^-BH4 )(P'Pr3 )2 , which suggests a 
relatively facile breaking / making of the BH bond."^ "^  Two energy minima, A and B in 
Figure 4.29, have been calculated, with the barrier energy between A and B very small 












Figure 4.29: Exchange process for OsH 3 (p^-BH4 )(P'Pr3 ) 2  
-I.2.3.6 [Cp*Ru(i]--H2 ClB-dppm)][BAr/j, (25)
That the hemilabile behavior found for (20) appears promising for an use in catalytic 
reaction. An analogue, bearing a chloride on the boron that should modulate the 
properties o f the complex, has thus been synthesized. Addition of dppm BH2 CI (2) to 
[Cp*Ru(NCMe)3 ][BAr4 ]^ leads to the formation of [Cp*Ru(ri^-H2 ClB-dppm)][BAr4 ^], 
(25) (Figure 4.30) in high yield (95%) as evidenced by 'H, "B
NMR spectroscopy and by X-ray diffraction studies.
|B A r /l







Figure 4.30: Synthesis o f  [Cp*Ru(r|TH 2 ClB dp p m )][B A r/], (25)
The solid-state structure of (25) is shown in Figure 4.32 and selected bond lengths and 
angles are given in Table 4.8. The structure is closely related to (20). The dppm BH2 CI 
ligand is bound to the metal fragment via one phosphine and two B-H-Ru 3c-2e 
interactions. The borane hydrogen atoms were located and freely refined. The Ru-H 
distances [1.72(2) and 1.73(2) A] are, within error, identical to that of (20) [1.61(4) and
1.70(3) Â ] .  The Ru-B distance [2.141(2) Â ]  is shorter than for (20) [2.180(2) A ] .  This 
short distance as already discussed for (20) is close to complexes possessing a direct 
Ru-B bond as found for [Cp*Ru(CO)2 (BH2 PMc3 )]'^  [2.243(8) A ]  and
[Ru(Bcat)2 (CO)2 (PPh3 )2 ]'^ [2.100(3) A ] .  However, it is also similar to that found in
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coordinated dihydroborate complex as [Ru{(r|^(H)2 BC 8 H i4 )2 (PCy3 )}] [2.085(2) Â]^ for 
which theoretical calculations shows a delocalisation between the ruthenium, boron 
and bridging hydrogens with a significant Ru - B interaction, that also explains the 
large shift o f the boron resonance on the ^^B N M R spectrum. It is interesting to notice 
that the B-Cl distance [1.806(1) Â] is shorter than the two reported examples o f 
phosphine monochloroborane: ClPh2 PBH 2 PPh2 'BH 2 Cl [1.877(7) and
^Bu2 PBH 2 ^Bu2 P BH 2 CI [1.898(4) The B-Cl distance is also shorter than that found 
in the r|^ borohydride complex [Cp*Ru(PMe3 )(r|^H3 BCl)]^ [1.862(7) Â]. The B-Cl 
distance is more like a tris coordinated boryl complex such as [CpFe(CO)2 BCl2 ] 
























Figure 4.31: Solid-state structure o f  the cationic portion o f  (25). Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms apart from those associated with the borane have been omitted for clarity.
T able 4.8: Selected bond lengths (Â ) and angles 
O  for (25)
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The N M R spectrum o f (25) shows a single resonance at S 2 S A  ppm, that is At^45.8 
ppm shifted downfield from free ligand (2). As discussed for (20) this is consistent with 
a T|^  coordination mode o f the BH 2 CI group. In the N M R spectrum o f (25) a single 
BH resonance at ^  -8.87 ppm o f integral 2 H reveals the equivalence o f the borane 
hydrogen atoms. Contrary to (20) for which the J(BH ) coupling constant can only be 
evaluated to be 40 Hz due to the broadness o f the peak, the J(BH) o f (25), is well 
resolved [^(BH) 93 Hz]. The coupling constant is reduced from that o f the free ligand
(2) [J(BH) 112 Hz] consistent with 3c-2e coordination. The smaller reduction o f the 
coupling constant in comparison to (20) suggests that the Ru-H-B interaction is weaker 
with the BH 2 CI group than the BH 3 group. The methylene protons o f the dppm 
backbone are equivalent in solution as found for (20). The resonance corresponding to 
these protons consists o f a doublet o f doublets [J(PH) 8 . 8  Hz and J(P(bh3 )H) 12.1 Hz] at 
S2.96  ppm. The ^^P{^H} NM R spectrum shows a well defined doublet [J(PP) 83.3 Hz] 
at S  64.2 ppm and a quadrupolar broadened resonance at <^13.4 ppm, consistent with 
the coordination o f the ligand to a metal centre.
Use o f [PFô]' rather than [BAr4 ^]' as counter anion leads to the formation o f a mixture 
o f products probably arising from PF activation as two 1:3:3:1 quartets [S  105.5 ppm, 
J(FP) 1401 Hz and [ S -33.7 ppm, J(FP)1072 Hz] were observed in the ^*P{*H} NM R 
spectrum o f the reaction mixture suggesting the formation o f PF 3 and PF 3 X 2 .
4.2.3.7 Addition o f  CO to [Cp*Ru(rj -H 2 ClB-dppm)] [BAr4  ], (25)
As found for (20), under an atmosphere o f CO [Cp*Ru(q^-H 2 ClB-dppm)][BAr4 ^], (25) 
reacts essentially quantitatively to give [Cp*Ru(CO)(r| ^  -H 2 CIB dppm)] [BAr4 ^], (26) 













Figure 4.32: Synthesis o f  [Cp*Ru(C 0 )(Ti'-H2 CIB d ppm )][B A r/], (26)
The "B  NMR spectrum of (26) shows a large upfield chemical shift change [A<J= -46.9 
ppm] of the borane resonance [A-18.2 ppm] from that of (25) [^28.7  ppm] suggesting 
the lost o f the Ru - B interaction. The NMR spectrum displays a quadrupolar 
broadened resonance at 5  -9.47 ppm of integral 1 H, and a second rather broad BH 
resonance can be observed on "B  decoupling at ^1.85 ppm. On first look these distinct 
resonances suggest a static interaction. However, for a static borane interaction two 
terminal and two bridging resonances would be expected for the two possible 
diastereoisomers (Figure 4.33). The fact that only two resonances are observed suggests 
a fast exchange with a preferred configuration or that one diastereoisomer is formed 
preferentially. Figure 4.33 illustrates the expected resulting resonance [H(ab’) and 
H(a’b)] due to a fast exchange between two diastereoisomer resonances (A exchanging 
with B in the scheme) for two equally and unequally populated configurations. 
Presumably, it is the equivalent R,S and S,R configuration that leads to less constraints 
from the chloride phenyl interaction, that are preferred to S,S  and R,R configurations. 
The fluxional process is confirmed by the *H{” B} NMR spectrum o f (26) at 190 K 
which shows at <^-11.63 ppm a very broad resonance o f integral 1 H that is consistent 























Figure 4.33: Resulting resonance [H^ab ) and H(a-b)] o f  a fluxional process for unequally populated 
diastereoisomer (left) and non equally populated diastereoisomer (right)
In the room temperature NMR spectrum of (26) the methylene protons of the dppm 
backbone are not equivalent anymore in solution and are observed now as two set of 
doublet of doublet o f doublets [./(PH) 10.9 Hz, J (P (b h 3 )H ) 10.9 Hz and J(HH) 15.5 Hz] 
at S3 . 6 \  ppm and [J(PH) 7.7 Hz, J(P(bh3 )H) 14.7 Hz and J(HH) 15.5 Hz] at ^3 .30  
ppm. The IR spectrum (KBr) of (26) shows a small BH resonance at 2485 cm'* 
corresponding to the terminal BH and a strong CO band at 1980 cm'V This carbonyl 
band is observed at a higher frequency than (22) [v(CO) 1963 cm '], suggesting than 
the BH2 CI group is a worse o-donor than BH 3 . This is consistent with the smaller 
J(BH) reduction observed for (25) in comparison of (20) as observed in the 'H  NMR 
spectrum.
Contrary to (20), addition o f PMc] to (25) leads to a mixture of compounds; this is 
probably due to steric constraints of the Cp* ligand. In neat acetonitrile (25) also 
decomposes more quickly than (20) to give [Cp*Ru(MeCN)(dppm)][BAr4 '']. The 
decomposition occurs even faster with benzonitrile. With benzonitrile being more 
activated toward hydroboration, the enhanced rate o f decomposition is consistent with a 
hydroboration p a th w a y .T h e  "B  NMR spectrum of the decomposition products using 
benzonitrile shows only one resonance in addition to the [BAr4 *']' counter anion while 
MeCN leads to a number of peaks. Unfortunately the boron containing product could 
not be isolated and attempts to hydrolyse it to obtain the corresponding alcohol failed.
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4.2.3.8 Addition o f  D} to [Cp*Ru(t] -H2 ClB-dppm)] [B A r/] , (25)
Similar to (20) under an atmosphere of D] complex (25) gives the deuterated complex 
[Cp*Ru(T|^-D2 ClB dppm )][BA r/], d]-(25) as evidenced by the rapid appearance of a 
HD(g) resonance (15 min) in the spectrum of (25) under D] and the disappearance of 
the BH peak (ti /2  = -9 0  mins). The NMR spectrum of d2-(25) shows a singlet 2A 5 -  
8.85 ppm that is close to the resonance observed for (25). Kinetic experiments show 
that the rate o f H/D exchange is similar with experimental error to (20).
V.2 j.P  (2:;9
Addition of dppm BH2 Br (3) to [Cp*Ru(NCMe)3 ][BAr4 ]^ leads to the formation of 
[Cp*Ru(ri^-H2 BrB-dppm)][BAr/], (27) (Figure 4.34) in high yield (83%), as 
characterized by *H, *H('*B}, ^*P{'H}, **B NMR spectroscopy and by X-ray 
diffraction studies.
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Table 4.9: Selected bond lengths (A ) and angles 
n  for (27)
Figure 4.35: Solid-state structure o f  the cationic portion o f  (27). Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms apart from those associated with the borane have been omitted for clarity. 100
The solid-state structure o f (27) is shown in Figure 4.36 and selected bond lengths, and 
angles are given in Table 4.9, and the structure is closely related to (25). The Ru-B 
distance [2.138(2) Â] is comparable to (25) [2.141(2) Â] and shorter than (20) 
[1.180(4) Â]. As discussed for the other rj  ^ complexes this distance is comparable to 
boryl complexes'^’ and r\ borohydride complexes.^’^ ’^  ^ However the H l-Ru-H 2 angle 
is more compressed than a dihydride and therefore suggests the same interaction as 
found for V[ dihydroborate. The B-Br distance [1.963(2) Â] is shorter than the only 
phosphine monobromoborane characterized by X -ray  diffraction studies, BrHiB PM ei- 
M eiP BH iBr [2.01(1) A].'^' But as found for the chloro analogue the B-Br distance is 
more like that o f tris coordinated boryl such as [Cp*Fe(C 0 )2 BMes(Br)]^° [2.018(2) A] 
or [Cp*Fe(C 0 )2 B(Fc)Br] [2.0158(27) A].^^
The ^^B NM R spectrum o f (27) shows a broad doublet [J(PB) 127.1 Hz] at 6 2 2 2  ppm 
that is -43.1 ppm downfield shifted from the free ligand, suggesting a significant 
Ru "B interaction.^^’^  ^ The ^H spectrum o f (27) displays a well defined quartet [/(BH) 
96 Hz] o f integral 2 H corresponding to the bridging BH at -  8.41 ppm. The 
observation o f a well defined quartet is comparable to (25) and is in contrast to (20) 
where the corresponding resonance is observed as a broad signal. The small reduction 
o f  the coupling constant in comparison to (20) [/(BH ) 40 Hz] suggests a weaker o 
donation from the BH 2 Br group. On ^^B decoupling the resonance sharpens to a doublet 
[/(PH) 7.8 Hz]. Like the other complexes such as (20), the methylene hydrogens o f 
the dppm backbone are equivalent and are observed as a doublet o f  doublets [/(PH) 8.9 
Hz and /(P (b h 3)H) 11.9 Hz] at 2.96 ppm. The ^^P{^H} NMR spectrum of (27) shows a 
doublet [/(PP) 84.6 Hz] at 5  64.9 ppm and a quadrupolar broadened resonance at ô  14.0 
ppm. These resonances are similar to those o f (20) and (25).
4.2.3.10 Addition o f  CO to [Cp*Ru(rj^-H2 B rB -dppm )][B A r/j, (27)
Contrary to (20) or (25), addition o f CO to [Cp*Ru(r|^-H2 BrB dppm)] [BAr4 ^], (27) 
leads to the decomposition o f the complex. This is may be due to the steric impact of 
the bromide. As discussed for (26) the change from BH 3 to BH 2 CI leads to a preferred 
configuration suggesting a significant steric impact o f the chloride. Increasing the size
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of the halogen to bromide might lead to a too constrained geometry, and thus 
decomposition on CO addition. This is also consistent with the addition to (25) of the 
bulkier PMcg ligand in comparison to CO that leads to the decomposition of (20).
4.2.3.11 Addition o fD 2  to [Cp*Ru(i]^-H2 BrB-dppm)][BAr/], (27)
As found for (20) and (25), under 0% [Cp*Ru(r|^-H2 BrB-dppm)][BAr4 ^], (27) undergoes 
H/D exchange as evidenced by 'H and NMR spectroscopy in a similar rate (ti/2  = ~1 
h) to that of (20) and (25).
4.3.4 A pplication in catalysis
The reaction o f (25), (27) and particularly (20) with donor ligands suggests that these 
complexes can offer a vacant site on the metal centre. Additionally, the reaction with 
weak donors such as MeCN or D2 , shows that the coordination o f a weak donor can be 
reversible. This suggests that a substrate can coordinate to the metal centre and 
therefore be activated for further reaction. The product also can easily be released with 
the metal centre being stabilised by a second M-H-B interaction (Figure 4.36).
/P R 3  _ /P R 3
H H S H H
S = Substrate 
P = Product
Figure 4.36: hemilabile behaviour
Cationic cyclopentadienyl and arene iron and ruthenium complexes have been shown to 
be efficient Lewis acid catalysts for Diels Alder reactions between enals and dienes; 
and the cycloaddition reaction of methacrolein with cyclopentadiene (Figure 4.37) has 
become the benchmark for assessing Diels Alder catalysts.^^'^^
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Figure 4.37: Cycloaddition o f  Cp with methacroleine
Kiindig et al. have extensively reported the use of the [CpM(BIPHOP-F)]^ (BIPHOP-F 
= l,2-bis-[bis(pentafluorophenyl)phophanyoxyl]-l,2-diphenylethane, M = Fe, Ru) for 
asymmetric Diels Alder reactions using Cp and methacrolein.^^'^^ The catalytic 
mechanism involves the activation o f an enal by a {CpM(BIPHOP-F)} 16 electron 
fragment. The 16 electron complex is obtained by halide abstraction or displacement of 
a labile solvent molecule (Figure 4.38).
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Figure 4.38: Activation o f  methacrolein toward cycloaddition
The ability o f the complexes (10), (20), (25) and (27) to reversibly change their 
coordination mode o f the borane between either an or interaction, making then 
latent 16 electron complexes, suggested that they could possibly be efficient catalysts 
for Diels Alder reactions. At 5 mol% catalyst loadings in CD2 CI2 at 298 K these 
complexes do indeed catalyse the cycloaddition of C5 H6 with methacrolein. The rates 
of catalysis, which were determinated by NMR spectroscopy, are graphically 
summarised in Figure 4.36 and tabulated in Table 4.10. These kinetic experiments 
show that the rate of cycloaddition follows the increase in the size of the substituent on 
the borane for the ruthenium complexes (20) < (25) < (27). All three ruthenium 
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( 2 0 ) 5 420 94 89 1 1
(25) 5 150 98 89 1 1
(25) 1 700 79 89 1 1
(27) 5 25 95 83 17
(27) 1 70 95 89 1 2
( 1 0 ) 5 540 91 8 8 1 1
Figure 4.39: Rate o f  cycloaddition (ratio 
indicates methacroieineiCp)
T able 4.10: Rate o f  cycloaddition
Based upon the reactivity of these complexes with weak donor ligand (MeCN, D2 ) 
we can postulate a mechanism where the borane can change its coordination mode to 
accept the methacrolein. The methacrolein is therefore activated toward cycloaddition 
and the subsequent liberation of the cyeloadduct gives back the complex (Figure 
4.40).
PhzP'




/ B  M
P X Me H 
Ph2
X = H, Cl, Br
Figure 4.40: Possible catalytic cycle
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The addition o f an excess of cyclopentadiene (5 fold) increases the rate of conversion, 
while an excess of methacrolein (5 fold) does not give a change of rate. This result 
shows that the cycloaddition is the rate determining step and not the opening / closing 
of the borane. If the rate determining step is the cycloaddition, the rate of conversion is 
expected to follow the Lewis acidity at the metal centre as a more Lewis acidic metal 
centre is expected to promote more efficiently the cycloaddition.^^ As the carbonyl 
adduct o f (27) can not be prepared, the relative Lewis acidity that was determinated by 
the vCO stretching band in the IR spectrum for (20) and (25) is not known for (27), 
therefore DFT calculations were performed (by Dr Gus Ruggiero, University o f Bath) 
on a model complex with an bound methacroleine (Table 4.11). The calculated Ru-B 
and R u-0 distances are essentially the same and the C = 0 distance is identical for the 
three complexes which is not consistent as an increased of Lewis acidity would be 
expected to lengthen the C =0 bond and shorten the R u-0 interaction. In addition the 
charges on the metal are essentially the same and the charge on the boron follows the 
electronegativity trend o f the substituents. These results are not consistent with the 
observations that suggest that the complex (27) is the more Lewis acidic, by showing 
the fastest rate.
Bromide Chloride H
Ru-B 2.779 2.790 2.759
B-X 2.091 1.927 -
Ru-0 2.199 2.197 2.198
C -0 1.277 1.277 1.276
Ru +0.15 +0.14 +0.16
B -0.21 -0.16 -0.51
M e ,R
T able 4.11: Comparison o f  distances and charges on the calculated com plexes [Cp*Ru(ri'-
H2 XB dppm)(methacrolein)]^
It is interesting to notice that the catalyst can be recovered by addition of pentane for
(20) and (25) whereas for (27) the complex decomposes shortly after the catalysis has 
finished (-30  min). This suggests that even if the NMR spectra do not show
any decomposition during the catalysis reaction that is fast, traces of decomposition
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product (eg. acid) could play a role in the reaction. Trace amounts of acid are known to 
catalyse Diels Alder reac tio n s .A ttem p ts  to add 2,6 di-methyl pyridine or the more 
stericly protected 2,6 di-tert-butyl pyridine to scavenge any potential led to the 
decomposition o f the complexes. However, this decomposition suggests that 
deprotonation is facile. Therefore the presence of a catalytic amount of can not be 
ruled out. Further evidence o f the possible intervention of a decomposition product is 
given by the kinetic plot o f the cycloaddition o f methacrolein with Cp at a low catalyst 
loading (1 mol%) (Figure 4.41). This time / conversion plot shows a period of 
activation (first 100 mins) suggesting that the complex (25) decomposes to give the real 
catalyst. In addition, use of [H(OEt2 )2 ][BAr4 ]^^ '^  at 1 mol% loading gives a total 
conversion in less than 5 minutes in a similar exo /  endo ratio. This result strongly 
suggests that a proton does the catalysis and not the complexes. Complex (27) must 
produce at the fastest rate, this being consistent with the observation that it 
decomposes the fastest in solution. This may be related to steric pressure between the 
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Figure 4.41: rate o f  cycloaddition o f  methacroleine with Cp at low  catalyst (25) loading (1 mol%)
4.6 Conclusion
The coordination mode of chelating phosphine boranes to half sandwich ruthenium 
fragments is dependant on the number of labile ligand that can be displaced, and a 
clean addition is preferentially observed for electron rich metal centres, probably due to 
a more facile substitution of the labile acetonitrile. The effect o f the counter anion
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found for the synthesis o f the manganese complex (10) is even more obvious for the 
ruthenium complexes. The coordination o f the borane can change in presence o f donor 
ligand but the resulting rj^  complex is stable contrary to the ruthenium tetrahydroborate 
complex reported by Duckett et al. that decomposes at room temperature in the 
presence o f  donor ligand.
The next chapter will deal with the coordination o f  phosphine boranes to tetra 
coordinated late transition metal centres.
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5 Late transition metal complexes
5.1 Introduction
In contrast to the other transition metals used during the course o f this project, as 
reported in chapter 3 and 4, there is some precedent for coordination o f dppm-BHg to a 
rhodium (I) fragment. Barton et al. synthesized two rhodium complexes of dppm BH] 
by addition of an excess of THF BH] to a pendant dppm complex to form [8,8-ri^-(ri^- 
H]B-dppm)-nido-8,7-RhSB9Hio] and [9,9-r|^-(T|^-H]B dppm)-nido-9,7,8-RhC2BgHi i] 
(Figure 5.1 for the former). Even though these complexes were formed in an 
undetermined mechanism, instead of the addition of a preformed dppm BH] to a metal 
fragment, these complexes shows that the coordination of dppm BH] (1) to a rhodium 
centre can lead to stable complexes.
< 3 B H 3 THF-  d p p m ( B H 3 ) 2 Rh
O = BH
F ig u re  5. 1: Synthesis o f  [8,8-(r|^-BH3 dppm ) /7/<7o-8,7-RhSB9H|o]
Addition o f a preformed dppm BH] to a rhodium fragment was nevertheless realised 
previously to the work reported in this thesis by Weller et al. in the synthesis of 
[(cod)Rh(r|^-H3 B-dppm)][PF6 ] (Figure 5 .2 )/ [(cod)Rh(ii^-H3 B-dppm)][PF6 ], [8,8-n^- 
(r|^-H3B-dppm)-nido-8,7-RhSB9Hio] and [9,9-p^-(p^-H3B dppm)-nido-9,7,8- 
RhCzBgHii] are air stable, showing an enhanced stability in comparison to the 
unsupported a-complexes as reported by Shimoi such as (C0)5Cr(r|'-H]B PMc]). 
Noteworthy there are no group 9 complexes o f simple Lewis base borane adduct 
reported, such as H]B PMc].
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Figure 5.2: Synthesis o f  [(cod)Rh(ri'-BH 3 -dppm)]PF6
As this chapter will also focus on the synthesis of copper complexes of dppm-BH], it is 
useful to highlight the only copper (I) complex of neutral phosphine borane as reported 
by Shimoi et al. (Figure 5.3)." ’^^  This complex is relatively more stable than 
monoborane complexes even if the neutral ligand is bound only via two weak Cu-H-B 
interactions. However the complex is not completely robust, and thermally decomposes 
in solution.
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Figure 5.3: Synthesis o f  [Cu(B2H4-2PMe3)2][CI]
This chapter will initially focus on the coordination of dppm BH2 X (X = H, Cl) to 
rhodium(I) and iridium(I) metal centres. In a second part the synthesis o f a range o f 
copper(I) complexes will be described.
5.2 Results and Discussion
5.1.1 Rhodium and Iridium complexes
5 . 1 . 1 . 1 [(cod)Rh(ij^-H2 C!B-clppm)][BAr/j, (28)
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[(cod)Rh(ri -H2 CIB dppm)][BAr4 ], (28), was synthesized using a similar procedure to 
that reported by Weller et a l  for [(cod)Rh(r|^-H3 B dppm)][PFe] (Figure 5.4). Na[BAr4 ]^ 
was used as a halide abstractor reagent instead of TlPFe, as in our hands [PFe]' gives a 
mixture of products. The reaction of [(cod)RhCl] 2  with dppm BH 2 CI in presence of 
Na[BAr4 ]^ give (28) in high isolated yield (8 8 %). The complex was characterised by 
'H, •H {"B },^ 'P ('H } and '^BNM R spectroscopy.
+ PhzP- 'PPh2
IBH2CI
NaBAr^ F^  
- NaCl
PPh2
[ B A r / ]
(28)
Figure 5.4: Synthesis o f  [(cod)Rh(r|^-H2 ClB d p p m )][B A r/], (28)
The "B  NMR spectrum of complex (28) displays a doublet [/(PB) 118 Hz] at /  -11.0 
ppm. This resonance is slightly shifted downfield [A /=  6.4 ppm] from the free ligand
(2) [A -17.4 ppm]. While this shift is not as pronounced as that o f the manganese or 
ruthenium complexes previously discused (eg. A /=  50 to 60 ppm), this downfield 
shift suggests an coordination of the borane group but perhaps only a small 
contribution to bonding from a Rh- B interaction. In comparison, for [(cod)Rh(r]^- 
H3 Bdppm )][PF 6 ] /  [8 ,8 -ii^-(ri^-H3 B-dppm)-nido-8 ,7 -RhSB 9 H,o]‘ and [9,9-r]^-(ri^- 
H3 B dppm)-nido-9 ,7 ,8 -RhC2 B8 Hii]^ where the BH 3 group has crystallographically 
been characterized to be bound via two Rh-H-B interactions, the *‘B resonance is also 
only slightly shifted downfield [AA = ~12 ppm] from the free dppm BH3 resonance. 
The NMR spectrum of (28) shows a broad signal at ô  0.33 ppm of integral 2 H 
corresponding to borane hydrogen atoms, which are equivalent on the NMR time scale. 
This resonance is not so upfield shifted that found for [(cod)Rh(r|^-H3 B dppm)] [Pp6 ] [ô 
-1.48 ppm] at low temperature, when the rotation around the P-B axis is frozen out.^ On 
**B decoupling the BH resonance sharpens to a doublet o f doublet o f doublets [/(RhH) 
20.3 Hz, /(PH ) 12.2 Hz, /(PH ) 4.7 Hz]. This can be compared to the corresponding 
observed peaks for [(cod)Rh(r]^-H3 B-dppm)][PF6 ],  ^ [8 ,8 -T|^-(r|^-H3 B dppm)-nido-8,7- 
RhSBçHio]* and [9 ,9 -r|^-(r|^-H3 B dppm)-nido-9 ,7 ,8 -RhC2 BgHi,]^ at the low temperature
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exchange limit, which are broad resonances, with the phosphorus and rhodium coupling 
not observed. Besides the rhodium coupling it is also interesting to notice that the 
borane hydrogen atoms are coupled to both phosphorus atoms for this square planar 
complex, while for Cr, Mn and ruthenium octahedral complexes previously described 
the coupling to only one phosphorus is observed. The methylene hydrogens of the 
dppm backbone are equivalent and are observed as a virtual triplet 11.5 Hz] of
integral 2 H at ^  3.03 ppm. The NMR spectrum of (29) shows a doublet of
doublets [J(RhP) 140.5 Hz and J(PP) 57.5 Hz] at ô  47.6 ppm and a broad doublet of 
quartets [J(BP) 118 Hz and J(PP) 57.5 Hz] at 5  13.0 ppm, the latter assigned to the 
borane bound phosphorus on the basis of the quadrupolar boron coupling. All these 
NMR data unequivocally characterize (28) as having a coordinated phosphine borane 
ligand.
5.1.1.2 [(cod)lr(if-HsB-dppm)][BAr/], (29)
The same reaction using the iridium precursor [(cod)lrCl] 2  with ligand ( 1 ) in presence 
of Na[BAr4 ]^ cleanly gives [(cod)lr(ri^-H3 B-dppm)][BAr4 ^], (29), in 65 % isolated yield 
(Figure 5.5). The synthesis of (29) was evidenced by 'H, *H{‘'B}, ^ 'P (‘H} and "B  
NMR spectroscopy as well as a X-ray diffraction study. As found for (29) the use of 
[BAr4 ^]' is essential for the synthesis o f (29). When the complex is synthesized with 
[Pp6 ]’ as the counter anion it decomposes over several hours to give an unidentified 
mixture of products.





Figure 5.5: Synthesis o f  [(cod)Ir(r|^-H3 B -dppm )][B A r/], (29)
The solid-state structure of (29) is shown in Figure 5.7 and selected bond lengths and 
angles in Table 5.1. The borane hydrogen atoms were located in the final Fourier
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difference map and freely refined and the B-H distances are the same within error 
[1.08(4), 1.12(4) and 1.18(3) Â]. The Ir-B bond distance [2.274(3) Â] is longer than the 
distances found for boryl complexes such as (r|^-C6 H$Me)Ir(Bcat) 3  [2.026(5) Â]^ but is 
close to the Ir-B distance found for (Cp*Ir)2 H3 BH4 [2.214(4) Â] (Figure 5.6) that 
possess a bridging [BH4 ]' ligand.^ Having in mind the difference o f covalent radii [Ir =
1.27 Â and Rh = 1.25 Â] the Ir-B distance [2.274(3) Â] is shorter than the Rh-B 
distance [2.313(3) Â] found for the rhodium analogue [(cod)Rh(ri^-H3 B-dppm)][PF6 ]^  
and for the metallaboranes [8 ,8 -ri^-(ri“-H3 B-dppm)-nido-8 ,7 -RhSB9 Hio]' and [9,9-ri^- 
(T|^-H3 B dppm)-nido-9 ,7 ,8 -RhC2 BgHii]^ [2.313(2) Â and 2.323(7) Â respectively] 
suggesting a tighter borane metal interaction. As discussed for the other complexes 
such as [(CO)3 Mn(ri^-H3 B-dppm)][BAr4 ^], ( 1 0 ), an indication of the r|^ bonding mode 
is given by the H la-Ir-H lb  angle [60.2(15)°] that is more compressed than a boryl 
dihydride such as [IrH2 (PMe3 )3 (BCgHi2 )] [88.4°] (Figure 5.6) suggesting a structure 
comparable to dihydroborate complexes.* Consistent with the weakly bound BH3 group 
the Ir-Ccod distances are longer for the carbon atoms trans to the phosphine [2.234(3) 
and 2.251(3) Â] than the carbon trans to the BH 3 group [2.115(3) and 2.131(3) Â].
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B l-P l 1.930(4)
B l-H la 1.18(3)
B l-H lb 1.12(4)
B l-H lc 1.08(4)




B l-Ir- P2 88.74(10)
Figure 5.7: Solid-state structure o f  the cationic portion o f  (29). Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms apart from those associated with the borane have been omitted for clarity.
T able 5.1: Selected bond lengths (A ) and angles (°) for (29)
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The  ^ NMR spectrum o f complex (29) shows a broad doublet [J(PB) 93 Hz] at - 
13.8 ppm. The downfield shift o f A #23.0 ppm is consistent with a r;^  coordination o f  
the BH3 group. This shift is bigger than that found for the rhodium analogue 
[(cod)Rh(r|^-H3B'dppm)][PFg] [A^ 12.7 ppm]. This larger chemical shift can be related 
to the slightly shorter Ir-B distance [2.274(3) Â] in comparison to the Rh-B distance 
[2.313(3) Â] for [(cod)Rh(r|^-H3B dppm)] [Pp6] and is indicative o f a stronger M-B 
interaction. In the NMR spectrum o f (30) the methylene protons o f the dppm 
backbone are once again observed as a virtual triplet [u/(PH) 11.5 Hz] o f  integral 2 H. 
At room temperature the resonance corresponding to the BH 3 group is very broad, even 
on *^ B decoupling, which suggests a slow exchange process o f the terminal B-H with 
the two bridging B-H protons. At 250 K the ^H{^^B} NMR spectrum o f (29) shows two 
BH environments; a low field broad resonance at J3 .9 7  ppm o f integral 1 H assigned 
to the terminal BH and a hydride broad resonance o f integral 2 H at ^ -2.43 ppm 
corresponding to two bridging BH group. These broad resonances do not show a 
phosphorus coupling even upon ftither cooling. These resonances are consistent with a 
Tj^  coordination o f the BH 3 group. That the rotation o f  the BH 3 group around the P-B 
axis can be frozen out at a higher temperature [250 K, 400 MHz, AG  ^ 42(1) kJ mol'^] 
than the rhodium analogue [220 K, 400 MHz, AG  ^ 37 kJ mol'*] suggests a stronger M- 
H-B interaction for the iridium complex (29). The ^*P{*H} NMR spectrum o f (29) 
shows a well resolved doublet [J(PP) 62.8 Hz] at S 31.2 ppm and a quadrupolar 
broadened peak at S  26.3 ppm. The latter peak is assigned to the borane bound 
phosphorus. This peak is the most shifted from the free ligand (1) resonance o f all the 
complexes discussed discussed in this thesis, but even so the shift is still small [A^~ 1 0  
ppm] showing that there is no direct phosphorus iridium interaction.
5.2.2 Copper complexes
5.2.2.Jf(MeCN)2 Cu(rj^-HsB-dppm)][PFe], (30)
The good number o f copper tetraborohydride complexes reported suggested that the 
synthesis o f copper complexes o f dppm-BH3 would be successful.^ Indeed, addition o f  
(1) to [Cu(NCMe)4][PF6] in acetonitrile quantitatively gives [(MeCN)2Cu(r|^-
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Figure 5.8: Synthesis o f  [(M eCN )2 Cu(r|'- H 3 B dppm)][PF 6 ], (30)
The ‘'B NMR spectrum of (30) does not show a significant change o f chemical shift 
compared to the free ligand suggesting that there is no significant C u-'B  interaction. 
This is consistent with a single 3c-2e B-H-Cu interaction as found for related 
tetrahydroborate complex (PPh2 Me)3 Cu(r|'-BH 4 ) . The 'H  NMR spectrum o f (30) 
shows a single BH 3 resonance of integral 3 H as broad quadruplet [./(BH) 110 Hz] at S
1.27 ppm. This resonance is shifted by A S 0.33 ppm downfield from the free ligand (1). 
The J(BH) coupling constant is not reduced from the free ligand suggesting a weak 
interaction. This broad peak sharpens on boron decoupling to give a doublet of doublets 
[J(PH) 12.4 Hz and 8.1 Hz] due to the coupling to two inequivalent phosphorus atoms. 
This is in contrast to (1) and the other octahedral complexes that show coupling to only 
one phosphorus atom but is like (29) that is square planar. The fluxional process 
leading to the equivalence o f the BH group cannot be frozen out, even at low 
temperature [190 K]. Such facile fluxionality is expected as it has also been reported 
for tetrahydroborate copper complexes such as (PR3 )2 Cu(ri^-BH4 ) and (PR3 )3 Cu(r|'- 
BH4 ).'^‘*'^  The rapid rotation around the P-B axis suggests that the BH- Cu interaction 
is weak. The methylene protons of the dppm backbone are equivalent and are observed 
as a doublet o f doublets [J(P(bh3 )H) 12.8 Hz and T(PH) 8 . 8  Hz] of integral 2 H at S3.36  
ppm. These hydrogens are coupled to only one phosphorus atom, as found for free 
ligand (1). The ^*P{'H} NMR spectrum of complex (30), in addition to the PFô signal, 
displays two broad resonances at J  15.2 and -15.2 ppm (Figure 5.9). The first one is 
assigned to the boron bound phosphorus; and this resonance has a similar chemical 
shift to the corresponding resonance in the ^*P(‘H} NMR spectrum of the free ligand as
117
the phosphorus is not directly bound to the metal. The broadening of this peak is due to 
the coupling to the boron nucleus. At 190 K this peak appears as a broad doublet [J(PP)
51.5 Hz] due to the thermal decoupling o f b o r o n . T h e  second peak reveals the 
coordination of the second phosphorus to the copper, as it appears as a broad singlet, 
shifted A S SA  ppm downfield that the corresponding phosphorus of the free ligand. The 
broadness o f the peaks can be put down to the coupling with ^^Cu (7 = and ^^Cu (I 







[(MeCN)2 C u(n -H 3 B dppm)][PF6 ]
PPh2
—r— 
-2020 -40 -60 -80 -100 -120 -140 ppm
Figure 5.9: NM R spectrum o f  the free ligand (1) (top) and [(M eCN )2 Cu(ri'-H 3 B-dppm)][PF6 ],
(30) (bottom) (* = impurities)
5.2.2.2 [Cu(r]‘-HsB-dppm)2] [PFs], (31)
Addition of two equivalents of (1) to [Cu(^CM e)4 ][PF6 ] in acetonitrile leads to the 
clean formation of [Cu(r|' - H 3 B  dppm)2 ][PF6 ], (31) (Figure 5.10) which was 





















Figure 5.10: Synthesis o f  [Cu(ri'-H3 B dppm)2 ][PF 6 ], (31)
The solid-state structure of (31) is shown in Figure 5.12 and selected bond lengths and 
angles are given in Table 5.2. The solid-state structure shows the coordination of two 
dppm BH] ligands to the metal centre. The geometry around the copper is almost 
tetrahedral as shown by the Pl-Cu-P3 and P l-C u-B l angles [114.66(3)° and 108.19(6)° 
respectively]. The borane hydrogen atoms were located and freely refined and are the 
same within error [1.18(2), 1.12(3) and 1.05(3) Â]. The Cu-B distance [2.511(2) Â] is 
comparable to that o f (PPh2 Me)3 Cu(r|' -BH4 ) [2.518(3) Â ]” but longer than of 
(PPh3 )2 Cu(ri^-BH4 ) [2.184(9) Â] consistent with the p ' coordination mode of the BH3 
g r o u p . I t  is however longer that for [Cu(B2 H4 -2 PMc3 )2 ][I]^ (Figure 5.11) [2.184(10) 
and 2.179(9) Â] possessing two independent r)* interactions per ligand and for which 
the Cu-H-B angles are also smaller [89(5)°] than for (31) [114.4(12)°].
MegP ^








B l-H la 1.18(2)
B l-H lb 1.12(3)
B l-H lc 1.05(3)





B l-C u -P l 108.19(6)
T able 5.2: Selected bond lengths (Â ) and angles (°) for (31)
F igure 5.12: Solid-state structure o f  the cationic portion o f  (31). Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms apart from those associated with the borane have been omitted for clarity.
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The solution NMR spectra o f (31) are very similar to that o f (30). The 'H NMR 
spectrum of (31) shows only one resonance for the BH] hydrogens as a broad peak of 
integral 6  H at <51.35 ppm that sharpens to a doublet of doublets [T(Pbh3 H) 13.0 Hz and 
J(PH) 4.8 Hz] on decoupling. The methylene protons o f the dppm backbone are 
equivalent and are observed as a doublet of doublets [J(PH) 12.6 and T(P(bh3 )H) 5.9] of 
integral 2 H at 3.45 ppm. The ^'P('H } NMR spectrum shows three resonances of 
relative intensity 2 :2 : 1  corresponding to bound ligands ( 1 ) to one Pp 6 anion, confirming 
the addition of two equivalents of (1) per copper. The phosphorus nuclei corresponding 
to the ligand are observed at ô  14.6 ppm and ^-11.8 ppm as two broad resonances due 
to the boron coupling for the former and copper coupling for the latter. The **B NMR 
spectrum of (31) displays a single broad singlet at ^-37.6  ppm, that is not shifted from
(1) [Ô - 37.8 ppm], which is further consistent with an r|* coordination of the BH] 
groups.
5.2.2.3 [(bipy)Cu(r]’-HsB-dppm)][PFe], (32)
Addition o f one equivalent of the bidentate ligand bipyridine to (30) in acetonitrile 
leads to the formation of [(bipy)Cu(r| ^  -H]B dppm)] [PF6 ], (32) in essentially 
quantitative yield. Complex (32) was characterised by *H, *H{‘*B}, ^‘P{*H| and "B  
NMR spectroscopy.
PF,Ph2 PF6 Ph2




KH H _ H H
(32)
F igure 5.13: Synthesis o f  [(bipy)Cu(dppm BH 3 )][PF 6 ], (32)
With exception o f the resonances associated with the bipyridine that are partly 
overlapped with the phenyl signals of the dppm ligand, changing the acetonitile ligand 
for bipyridine does not lead to major changes in NMR spectra of a fresh sample o f (32).
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In the NM R spectrum o f (32) the BH hydrogens are observed as a broad resonance 
o f integral 3 H at ^  1.38 ppm, shifted A S  0.43 ppm from (1), suggesting the 
coordination o f the BH] group to the copper. This resonance sharpens to a virtual triplet 
[J(PH) 6.4 Hz] on ^*B decoupling. The methylene hydrogens o f  the dppm backbone are 
equivalent in solution and are observed as a doublet o f  doublets [J(P(BH3 )H) 8.7 Hz and 
J(PH ) 12.6 Hz] at 3.65 ppm. The ^^P{^H} NM R spectrum o f (32) shoves two broad 
resonances. One at S  -9.6 ppm that is only slightly shifted from the M eCN analogue
(30). A second resonance corresponding to the boron bound phosphorus is observed at 
S  15.4 ppm. The ^^B NM R spectrum o f (34) displays a single peak at S  -36.5 ppm 
barely shifted from the free ligand.
Crystallisation o f this complex in acetonitrile layered with diethyl ether solution leads 
to the loss o f the borane to give the dinuclear complex [(bipy)Cu(p2 -dppm)]2 [Pp6 ] 2  
(Figure 5.14) which contains a bridging dppm. This complex has previously been 
reported by by Jin et al. The decomposition pathway might involve a hydroboration 
o f acetonitrile by the dppm BH] ligand that can be activated by the cationic metal 
centre as found for the ruthenium complex ( 2 3 ) . Alternatively the borane can just 





Figure 5.14: Solid-state structure o f  the cationic portion o f  [(dipy)Cu(p 2 -dppm )]2 [PF6 ] 2 , hydrogen atoms 
are omited for clarity. Thermal ellipsoids are shown at the 30% probability level. This complex has been 
reported previously.
5.2. 2. 4 [(tert-butylbipy)Cu(ri‘-HiB-dppm)][PF(,], (33)
Addition of r^^rZ-butylbipyridine to (30) quantitatively gives [(/gr^-butylbipy)Cu(r| '- 
H]B dppm)][PF6 ], (35) (Figure 5.15). This analogue o f (32) was characterised by 'H, 

















Figure 5.15: Synthesis o f  [(/er/-butylbipy)Cu(ri'-H 3 B dppm)][PF 6 ], (33)
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As expected the NMR signal arising from the coordinated dppm BH 3 are similar to
(32). The ‘H NMR spectrum o f (33) displays a single resonance for the BH 3 group as a 
broad peak of integral 3 H at (5 1.64 ppm that sharpens to a doublet of doublets [T(PH)
13.5 and T(PH) 6.9 Hz] on *'B decoupling. The methylene protons o f the dppm 
backbone are observed as a doublet of doublets [ J (P (b h 3)H ) 5.9 and J(PH) 11.9 Hz] of 
integral 2 H at ^  3.44 ppm. The ^'P(*H} NMR spectrum o f (33) displays two broad 
resonances at 5  15.0 and -10.8 ppm, that are at a comparable chemical shift of those of
(32). As for the other copper complexes both resonances are broad due to the boron and 
copper coupling.
In contrast to (32), the tert-hu\.y\ analogue (33) is stable in an acetonitile solution. This 
can be related to the decomposition observed for the ruthenium complex (2 0 ) in 
presence of acetonitrile that it though to occur via a hydroboration of an acetonitrile 
molecule. The /erAbutylpyridine is expected to be a better donor than the bipyridine, 
making the metal centre less Lewis acidic, thus a coordinated MeCN molecule would 
be less activated toward h y d ro b o ra tio n .^ W e  cannot rule out the decomposition by a 
binuclear pathway that leads to the stable dimer as in the case of the bipyridine 
complex (33), as the ^cr/-butyl groups on the bipyridine can sterically prevent the 
formation of a dimer, and thus prevent decomposition.
5 .2 .2 . 5  [(MeCN)CuCl(ii'-H}B clppm)], (34)
Addition of dppm BH 3 (1) to CuCl in acetonitrile gives, in high yield (90 %), 
(MeCN)CuCl(T|'-H3 B dppm), (34) (Figure 4.16) that was characterised by 'H, *H{*’B}, 











Figure 4.16: Synthesis o f  [(M eCN)CuCl(7i'-H 3 B-dppm)], (34)
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The change from a cationic metal fragment to a neutral (CuCl) one does not lead to 
significant changes in the NMR spectra of (34). The NMR spectrum shows a single 
resonance at ô  - 37.0 ppm as found for (1) and other r|' complexes such as (30), 
consistent with p ' coordination of the BH] group. The ^ 'P (‘H} spectrum of (34) 
displays two broad resonances at ô  14.8 ppm and 5 - 17.1 ppm, consistent with 
coordinated ligand resonances. In the room temperature 'H NMR spectrum of (34) the 
signal due to the BH] group is observed as a broad resonance o f integral 3 H at ^  1.53 
ppm that sharpens to a virtual triplet [J(PH) 10.5 Hz] upon '^B decoupling. 
Unexpectedly for this chiral tetrahedral complex, the methylene protons of the dppm 
backbone are equivalent in solution. They are observed as a doublet of doublets 
[«7 (P(bh3 )H) 8.5 and T(PH) 12.8 Hz] o f integral 2 H at S  3.44 ppm. The equivalence of 
the methylene proton is probably due to a fast decoordination / recoordination of the 
borane (Figure 5.17) consistent with a weak Cu-H-B interaction. An acetonitrile or 
chloride exchange with the solvent is also possible as indicated by the MeCN resonance 
that is not shifted from the free acetonitrile resonance. However the observation of a 
similar equivalence when MeCN is replaced by CO suggests that this is less likely.
i ' ' y  P -
H H H H Ph2
Figure 5.17: decoordination / recoordination o f  BH 3
Addition o f (1) to the in situ generated {Cu(CO)Cl}^^ fragment gives the carbonyl 







CO  dppm  BH3
CuCl ----------------- ►  Cu(CO)CI  ►
THF THF
Figure 5,18: Synthesis o f  [(C0)CuCl(r|'-H3B dppm)], (35)
The NMR spectra of ( 3 5 )  are very similar to that of ( 3 4 ) .  The NMR spectrum of
(3 5 )  shows a broad resonance at Ô-31.1 ppm. In the NMR spectrum two broad
resonances at ô  14.7 and -16.9 ppm suggests the coordination o f the dppm to the boron 
on one phosphorus atom and to the copper on the other. The 'H  NMR spectrum shows 
a single resonance for the borane at 5  1.50 ppm, which is shifted 0.55 ppm 
downfield from the free ligand (1) consistent with coordination of the borane. This 
resonance sharpens to a doublet o f doublets [J(P(bh3 )H) 13.4 Hz and J(PH) 7.0 Hz] on 
boron decoupling. The methylene protons of the dppm backbone are observed as a 
doublet of doublets [ J (P (b h 3)H ) 8.0 Hz, J(PH) 12.6 Hz] of integral 2 H at ^  3 .2 9  ppm. 
These hydrogen atoms are equivalent in solution as in (3 4 ) ,  but while the acetonitrile or 
chloride in ( 3 4 )  can potentially decoordinate the carbonyl is expected to be more 
strongly bound, thus the equivalence of the methylene protons is more likely due to the 
dissociation / reeoordination of the BH 3 group, as is also suggested to occur in (3 4 )  
(Figure 5.17).
5.2.2.7 (tert-butylbipy)CuCl(K‘-dppm-BHs), (36)
Following the report by Shimoi et al. of the synthesis o f cationic [Cu(B 2 H 4 -2 PMe3 }2 ]Cl 
from CuCl the bidentate /er/-butylbipyridine was added to ( 3 4 )  with the view to obtain
( 3 3 )  as a chloride salt in order to obtain a crystal structure of this complex.^ However, 
in acetonitrile the addition of one equivalent of /gr/-butylbipyridine to 
(M eCN)CuCl(q'-H 3 B dppm), ( 3 4 )  gives (rgr/-butylbipy)CuCl(x:'dppm BH3 ), (3 6 )  
(Figure 5.19) as evidenced by *H, *H{*‘B}, ^‘P('H } and **B NMR spectroscopy and by 











Figure 5.19: Synthesis o f  (/e/'/-butylbipy)CuCi(/c'dppnTBH 3 ), (36)
The solid-state structure is shown in Figure 5.20 and selected bond lengths and angles 
in Table 5.3. The main feature of the solid-state structure is that the dppm-BHs ligand is 
bound only via the phosphorus atom as the Cu-B distance [~ 4.1 Â] is long. The 
geometry around the copper is distorted from the tetrahedral geometry as shown by the 
Nl-Cu-N2 and the Pl-Cu-Cl angles [79.46(13)° and 108.62(4)° respectively]. This 
distortion is due to the inherently small bite angle of the dipyridine ligand.
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T able 5.3: Selected bond lengths (Â ) and angles (°) for (36)
P Cl
Figure 5.20: Solid-state structure o f  the cationic portion o f  (36). Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms apart from those associated with the borane have been omitted for clarity.
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In the '*B NMR spectrum of (36) the borane resonance is observed at S  -37.9 ppm, a 
similar position to the free ligand (1). The NMR spectrum of (36) shows two
broad resonances at S  14.5 and -20.5 ppm consistent with the coordination of the 
phosphorus to the borane and the copper respectively. The NMR spectrum is more 
diagnostic o f the borane decoordination; the BH hydrogen atoms are observed as a 
broad resonance that sharpens to a virtual triplet [J(PH) 8.5 Hz] on boron decoupling at 
Ô 0.87 ppm, that is effectively not shifted from free ligand (1) [S 0.95 ppm] suggesting 
that there is no metal borane interaction. The methylene protons o f the dppm-BHs 
backbone are equivalent in solution and observed as a doublet o f doublets [J(P(bh3 )H) 
5.9 and J(PH) 11.9 Hz] at S3 A4  ppm.
When stirred in CH2 CI2 with TlPp6 (rer/-butylbipy)CuCl(A:'dppm-BHs), (36), cleanly 
gives the previously discussed complex [(rer/-butylbipy)Cu(r|*-HsB-dppm)][PF6 ], (33) 
(Figure 5.21). The BH resonance chemical shift change from (36) to S  1.45 ppm [AJ 
0.58 ppm] in the ^H NMR spectrum is the best indication of the coordination of the 
borane.








Figure 5.21; Halide abstraction o f  (/er/-butylbipy)CuCI(/c'dppm B H 3), (36)
5.3 Conclusions
The coordination o f a diphosphine monoborane ligand to group 9 metal centres lead to 
the formation of complexes formally giving 18 electron Rh(I) or Ir(I) complexes. 
The coordination of dppm-BHs to copper(I) metal centres gives exclusively q ‘- 
eomplexes even in presence of potentially labile MeCN ligand that are displaced by a 
second B-H-M interaction in ruthenium complexes such as (20).
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For the same reason that phosphine borane complexes have been synthesised for their 
use in catalysis as they can potentially act as hemilabile ligand, diphosphine 
monosulfide complexes were targeted to form chelating complexes with a sulfide 
bridge that can potentially dissociate to offer a vacant site. This approach is encouraged 
by the fact that there are examples o f complexes o f  the chelating phosphine oxide 
analogue that can act as hemilabile ligand.^ For example Wegman et al. reported the 
carbonylation o f  methanol with RhCl(CO)(dppeO) where the oxygen is thought to 
decoordinate under CO pressure (Figure 6.1).^ Baker et al. and later Haynes and co­
workers reported an enhancement o f  the reactivity o f  the carbonylation o f methanol in 
comparison to the Monsanto catalyst [Rhl2 (CO)2]’ and even the dppeO analogue.^’"^ 
This result, without suggesting the hemilabile character o f  the ligand, shows its 
potential in catalysis.
PhaP— \  Ph2P
\  /  \  CO _  \ /
R h > — -------------------  R h  _^ P P h2
c /  \ = P P h 2  Cl °
Figure 6.1:
A number o f complexes possessing diphosphine sulfide such as Ph2P(S)CH2PRR’ (R = 
Ph, /Pr, Me)^ where the sulfide can be coordinated or not, are known. Grim et a l  first 
reported the coordination o f these ligands to group 6  carbonyl metal fragm en ts.M ore  
recently a range o f  Ru, Rh, Ir, Pt and Pd complexes have also been reported.*’^  These 
first reports were principally focused on *^P NMR studies o f  these complexes.
This chapter will focus on the synthesis and characterisation o f other rhodium, iridium 
and ruthenium diphosphine monosulfide complexes.
131
6.2 Results and discussion
6.2.1 Rhodium and Iridium Complexes
6.27.7 (37)
Addition o f one equivalent of dppbzS [dppbzS = Ph2 PC6 H4 PPh2 (S)]*^ to [(cod)RhCl] 2  
with AgBp4 as an halide abstracting agent cleanly gives [(cod)Rh(dppbzS)][BF4 ], (37) 
(78 %) (Figure 6.2). The complex (37) was characterised by and ^*P(*H} NMR 
spectroscopy and by X-ray diffraction studies.







Figure 6.2: Synthesis o f  [(cod)Rh(dppbzS)][BFd, (37)
The solid-state structure of (37) is shown in Figure 6.3 and selected bond lengths and 
angles are given in Table 6.1. The structure shows the dppbzS ligand forming a six 
membered chelating ring. The geometry around the rhodium is almost square planar as 
shown by the Pl-Rh-S angle [96.19(3)°] and the (C31-C32 centroide)-Rh-Pl angle 
[92.27°]. The Rh-S distance [2.3321(9) Â] is similar to that of 
[(cod)Rh(Ph2PCH2P^Bu2(S)}][C1 0 4 ] [2.349(2) Â]* but slightly shorter than the 
distance found for [RhCl(CO)(dppmS)]^ [2.403(2) Â] where the sulfide is trans to the 
carbonyl. The Rh-C distances to the alkene carbon of the cod demonstrate the bonding 
ability o f the sulfide. The Rh-C31 and Rh-C32 distances [2.247(3) and 2.242(4) Â 
respectively] trans to the phosphine are longer than the Rh-C35 and Rh-C36 distances 
trans to the sulfide [2.168(4) and 2.148(4) A respectively] suggesting, as expected, that 










P2-S 2 .0 0 2 0 ( 1 2 )
Pl-Rh-S 96.19(3)
P2-S-Rh 112.18(5)
Figure 6.3: Solid-state structure o f  the cationic portion o f  (37) Thermal ellipsoids are shown at the 50%  
probability level. Hydrogen atoms have been omitted for clarity.
T able 6.1: Selected bond lengths (A) and angles 
O  for (37)
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The NMR spectrum of (37) shows at (536.7 ppm a doublet o f doublets [J(PP)
30.9 Hz and J(RhP) 3.7 Hz]. The small J(RhP) coupling suggests that the phosphorus is 
not directly bound to the rhodium, but is consistent with a Rh-S=P linkage. A second 
peak is observed at ô  26.7 ppm as a doublet of doublets [J(PP) 30.9 Hz and J(RhP)
147.7 Hz] where the J(RhP) coupling constant is consistent with a direct Rh(I)-P bond. 
The *H NMR spectrum of (37) only shows aromatic protons in addition of the cod 
ligand.
6.2.1.2 [(cod)Rh(DuphosS)][BFJ, (38)
In order to synthesise a chiral complex for a potential application in catalysis, the chiral 
ligand DuphosS [DuphosS = (C6 Hi2 )PC6 H4 P(S)(C6 H i2 ) ] '' was used in the same 
reaction procedure as for (37) (Figure 6.4).
-A g C I




Figure 6.4 : Synthesis o f  [(cod)R h(D uphosS)][5Fd, (38)
The ^’P(*H} NMR spectrum of (38) displays at 5  65.4 ppm a doublet of doublets 
[J(PP) 19.4 Hz and J(RhP) 3.5 Hz]. As seen for (37) the rhodium coupling is very small 
suggesting that the rhodium coupling is transmitted through the coordinated sulfide to 
the phosphorus. The second resonance is observed at 5  37.0 ppm as a doublet of 
doublets [J(RhP) 139.4 Hz and T(PP) 19.4 Hz] with a Rh coupling constant consistent 
with a direct Rh-P bond. The *H NMR spectrum shows a multitude of overlapped 
resonance in the alkane region attributed to the duphosS ligand.
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6.2.1.3 [(cod)Ir(dppmS)][BF4] ,(39)
The synthesis and the NMR characterisation of [(cod)Ir(dppmS)][BF4 ], (39) has already 
been reported by Dixon et al. However no solid-state structure was reported. The 
synthesis of (39) is similar to that reported by Dixon (Figure 6.5). ^
\ l  " S .





F ig u re  6.5: Synthesis o f  [(cod)Ir(dppm S)][BF 4 ], (3 9 )
The solid-state structure of (39) is shown in Figure 6 . 6  and selected bond lengths and 
angles are given in Table 6.2. As found for [(cod)Ir(Ph2 PCH 2 P/Bu2 (S)}][C1 0 4 ]^  the 
geometry around the metal centre is square planar as shown by the P2-Ir-S angle 
[91.98(4)“]. The Ir-S distance [2.3537(11) Â] is also similar in (39) to that reported by 
Dixon [2.324(3) Â] suggesting that the substituents on the phosphine do not have a 
major impact on the sulfide coordination. As found for (37) the metal carbon distances 
to the alkene carbon of the cod ligand are longer for the alkene trans to the phosphine 
[Ir-Cl, 2.222(5) Â and Ir-C 8 , 2.216(4) Â] than the alkene trans to the sulfide [Ir-C4, 
2.153(4) Â and Ir-C5, 2.150(4) Â]. This difference shows the low trans influence of the 












P2-S 2 .0 0 2 0 ( 1 2 )
P2-Ir-S 91.98(4)
Pl-S-Ir 102.36(5)
Figure 6.6: Solid-state structure o f  the cationic portion o f  (39) Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms have been omitted for clarity.
T able 6.2: Selected bond lengths (Â ) and angles 
O  for (39)
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The dppbzS analogue o f (39) that gives a six membered chelate ring instead of a five 
membered chelate ring has been synthesized using the same conditions as (37) (Figure 








Figure 6.7: Synthesis o f  [(cod)lr(dppbzS)][BFd, (40)
The solid-state structure of (40) is shown in Figure 6 . 8  and selected bond lengths and 
angles are given in Table 6.3. The geometry around the iridium is slightly distorted 
from the square planar geometry as shown by the P2-Ir-S angle [97.28(3)”] due to the 
steric constraint o f the dppbzS ligand leading to a six membered ring. The constraint is 
also demonstrated by a larger P l-S -lr angle [111.33(4)”] than the dppm analogue (39) 
[102.36(5)”]. Once again the metal carbon distances to the cod ligand trans to the 
sulfide are shorter [Ir-C35, 2.159(3) Â and Ir-C36, 2.147(3) Â] than the distance of the 











Figure 6.8: Solid-state structure o f  the cationic portion o f  (40) Thermal ellipsoids are shown at the 50%  
probability level. Hydrogen atoms have been omitted for clarity.
T able 6.3: Selected bond lengths (Â ) and angles 
O  for (40)
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The NMR spectrum of (40) shows a doublet [J(PP) 33.4 Hz] at S26.3  ppm
assigned to the sulfide bound phosphorus by comparison to the rhodium analogue, as 
the phosphorus is not bound directly to the metal the chemical shift should only be 
moderately influenced by the change o f the metal centre. A second doublet [J(PP) 33.4 
Hz], assigned to the metal bound phosphorus is observed at ^10.6  ppm.
6.2.2 R uthenium  complexes
6.2.2.1 Cp*RuCl(dppmS), (41)
Addition of dppmS to [Cp*RuCl]4 , which is a source of the {Cp*RuCl}fragment'^ 
leads to the formation of Cp*RuCl(dppmS) (Figure 6.9) in high yield (85%). The 
complex was characterised by ’H and ^*P{'H} NMR spectroscopy and by X-ray 
diffraction studies.
dpp m S
[Cp*RuCI]4 ------- — --------►
CH2CI2
Figure 6.9: synthesis o f  Cp*RuCl(dppmS), (41)
The solid-state structure of (41) is shown in Figure 6.10 and selected bond lengths and 
angles are given in Table 6.4. The Ru-S distance [2.4406(10) Â] is similar to thiolate 
complexes such as [Cp*Ru(PEt3 )2 (SC=CPh)] [2.4206(5) A]'^ or












T able 6.4: Selected bond lengths (Â ) and angles 
O  for (41)
F igure 6.10: Solid-state structure o f  the cationic portion o f  (41) Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms have been omitted for clarity.
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In the NMR spectrum of (41) the observation o f two doublets [J(PP) 49.9 Hz]
at 5  57.7 and 54.7 ppm shows the coordination of the dppmS ligand via the phosphorus 
atom and the sulfide on the basis of the change of chemical shift and the reduction of 
the J(PP) coupling constant observed for the coordination o f dppmS to rhodium, 
iridium, platinium and palladium metal c e n t r e s . I n  the NMR spectrum of (41) the 
methylene protons o f the dppm backbone are inequivalent and are observed as two set 
of doublet o f doublet o f doublets [J(PH) 7.5 Hz, J(P(S)H) 18.0 Hz and J(HH) 13.2 Hz] 
at S 4 M  ppm and [J(PH) 2.3 Hz, J(P(s)H) 8 . 8  Hz and J(HH) 13.2 Hz] at <^2.98 ppm.
Addition of N aB A r/ to (41) in a non coordinating solvent as CH2 CI2 or C6 H5 F gives a 
blue solution characteristic of a 16 electron complex (Figure 6.11). The product could 







Figure 6.11: Formation o f  a 16 electron com plex (not isolated)
Addition of the potentially bidentate ligand dppmS to [Cp*Ru(NCMe)3 ][BAr4 ]^ gives 
[Cp*Ru(NCMe)(dppmS)][BAr4 ]^ , (42) (Figure 6.12) in high yield. The complex was 
characterised by NMR spectroscopy and by an X-ray diffraction study.
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[B A r/] IB A r/:
Me
dppm S
CH2CI2 CN \  \
Me *p ) p p h 2
Figure 6.12: Synthesis o f  [Cp*Ru(NCMe)(dppmS][PF6] , (42)
The solid-state structure of (42) is shown in Figure 6.13 and selected bond lengths and 
angles are given in Table 6.5. The structural metrics associated to the ligand are similar 
than for (41) as shown by the Ru-S distance [2.4486(6) Â] that is comparable to that of 









T able 6.5: Selected bond lengths (Â ) and angles 
o  for (42)
Figure 6.13: Solid-state structure o f  the cationic portion o f  (42) Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms have been omitted for clarity.
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The NMR spectrum o f (42) displays two doublets [J(PP) 52.1 Hz] at S  58.8
and 55.9 ppm suggesting the chelation o f  the dppmS ligand. The chemical shifts are 
similar that those o f (41). The *H NMR spectrum o f (42) at room temperature shows a 
multiplet o f integral 2 H at <^3.70 ppm for the methylene protons o f the dppm backbone 
suggesting a fluxional process between these inequivalent hydrogen atoms in the solid 
state. At low temperature the resonance corresponding to the dppm backbone is 
observed as two doublet o f doublet o f doublets o f integral 1 H at ^ 3.41 and 3.95 ppm.
6.3 Conclusion
The synthesis o f  complexes bearing a diphosphine monosulfide ligand is 
straightforward and high yielding. They are stable which is an interesting property for 
their potential use in catalysis, although due to time constraints we have not pursued 
this.
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All manipulations were performed under an inert atmosphere o f  argon, using standard 
Schlenk-line and glove box techniques. Glassware was dried in an oven at 130°C 
overnight and flamed with a blowtorch under vacuum before use. Diethyl ether, 
CH2 CI2 , pentane, THF and toluene were dried over activated alumina, copper and 
molecular sieve columns using an MBraun solvent purification system. CH3CN was 
distilled from CaH2 . 1 ,2 -dimethoxyethane was distilled from sodium benzophenone- 
ketyl. CôDô was dried over a potassium mirror. CD2 CI2 , CDCI3 and CD3CN were 
distilled under vacuum from CaH2 . Microanalyses were performed by Mr. Alan Carver 
(University o f Bath Microanalytical Service).
7.1.2 NM R spectroscopy
^H, ^H{*^B}, *^ B, ^^B{^H}, and NMR spectra were recorded on Bruker
Avance 400 MHz or Bruker Avance 300 MHz FT-NMR spectrometers. Residual protio 
solvent was used as reference for *H NMR spectra (CD2 CI2 : 5 5.31 ppm, CDCI3 : <^7.24 
ppm, CôDôi Ô1A5  ppm, CD3CN: ô  1.93 ppm) and NMR spectra (CôDô: 5  128.0). 
^^ B and NMR spectra were referenced against Bp 3 .0 Et2 (external) and 85% H3PO4 
(external) respectively. Chemical shifts are quoted in ppm. Coupling constants are 
given in Hz.
7.1.3 Infrared spectroscopy
Infrared spectra were recorded on a Nicolet NEXUS FT-IR spectrometer. Solid-state 
samples were prepared using oven-dried potassium bromide. Solution spectra were 
recorded using a 0 .1 mm solution cell.
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7.1.4 Crystallographic studies
Crystallographic measurements for all structures were recorded on a Nonius Kappa 
CCD diffractometer with Mo K« radiation (0.71073 A). Structure solution followed by 
full-matrix least-squares refinement was performed by using the SHELX suite o f  
programs throughout. Hydrogens were included in calculated positions unless 
otherwise stated.
7.2 Syntheses and characterisation
7.2.1 Starting materials
4The starting materials dppm -BH ]/ bppp,^ (C 0 )4 C r(nbd)/ [CpRu(MeCN)3 ][PF6 ] 
[CpRu(PMe3 )(M eCN)2 ][PF«],* [CpRu(P(OM e)3 (MeCN)2 ][PF6 ],‘
[Cp’Ru(M eCN)3 ][PF6 ] 7  [Cp*Ru(MeCN)3 ][PF«]/ [Cp*RuCl]4 ,’ (C 0 )5M nBr,"’ 
[(cod)RhCl]2 ,”  [(cod)IrCl]2 ,’^  dppmS,'^ dpphzS,'"* DuphosS'^ andNaBAr"^#'^ were all 
prepared by previously published methods or a variation thereof. All other chemicals 
were used as received from Aldrich, Acros, Alfa Aesar, Fisher, Fluka, or Strem 
Chemicals.
7.2.2 Synthesis
Dppm BH], (1): as synthesised by Martin et al.
Ô('H)(CDC13): 7.59 -  7.11 (20 H, m, Ph), 2.91 [ 2 H, d, J ( P ( b h 3 ) H )  11.9 Hz, C%), 0.99 
[3 H, br q, J(BH) 112 Hz, 6 % ].
ô(‘H{"B})(selected)(CDCl3): 0.99 [ 3 H,d,  J(PH) 14.3 Hz, J(PH) 1 .5Hz,BHj]-  
d(^‘P{‘H })(CDCl3 ): 16.9 (1 P, br, PBHj), -25.5 [1 P, d, J(PP) 65.4 Hz, PPh;]. 
d("B{'H })(C DCl3): -37.1 (1 B, s, BH3).
Dppm BH 2CI, (2): Me2 $ BH2CI (0.115 g, 1.040 mmol) in 10 cm  ^ o f  toluene was 
slowly added to a solution o f dppm (0.400 g, 1.040 mmol) in 10 cm  ^ o f  toluene and
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stirred for 1 hour. The solvent was reduced in-vacuo and layered with pentane to give 
colourless crystalline material (0.355 g, 0.853 mmol).
Yield: 82%.
6 ('H)(C«D«): 8.32 -  6 . 8 6  (20 H, m, P h ) , 3.93 [2 H, br q, 7(BH) 112 Hz, B % C I], 3.18 [ 
2 H, d, /(P(bh2ci)H) 10.5 Hz, C % ).
0(’H {"B})(selected)( CjD^): 3.93 (3 H, s, B%C1).
d(’ 'P{*H})( CeDé): 3.7 (1 P, br, PBH 2 CI), -27.2 [1 P, d, J(PP) 55.3 Hz, PPhj].
d ("B { ‘H})( Q D s): -17.4 (1 B, s, SH 2 CI).
E lem ental analysis: C2 5 H 2 4 BCIP2  requires C, 69.40; H, 5.59%. Found: 68.9; H, 5.72%.
Dppm*BH 2 B r, (3): Me2 S*BH2 Br (0.158 g, 1.040 mmol) in 10 cm^ o f toluene was 
slowly added to a solution o f dppm (0.400 g, 1.040 mmol) in 10 cm^ o f toluene and 
stirred for 1 hour. The solvent was reduced in-vacuo and layered with pentane to give 
colourless crystalline material (0.372 g, 0.780 mmol).
Y ield: 75%.
ô (‘H )(C 6 D«): 7.72 -  6 . 8 6  (20 H, m, P h ) , 3.61 (2 H, br , B % B r), 3.26 [ 2 H, d, 
-7(P(BH2Br)H) 10.9 Hz, CHi).
0('H {‘‘B})(selected)( C«D«): 3.61 (3 H, s, B ^ B r ) .
d(^‘P{'H })( CjDs): 3.9 (1 P, br, PBHzBr), -25.8 [1 P, d, J(PP) 56.4 Hz, fP h ;] .
d ("B {‘H})( CsDe): -20.9 (1 B, s, BHzBr).
E lem ental analysis: C2 5 H 2 4 BBr? 2  requires C, 62.93; H, 5.07%. Found: 60.94; H, 
5.01%.
D ppbz'B H ], (4): A solution o f I2  (0.142 g, 0.560 mmol) in 10 cm^ o f 1,2- 
dimethoxyethane was added drop-wise with stirring to a solution o f NaBH 4  (0.085 g, 
2.200 mmol) and dppbz (0.500 g, 1.120 mmol) in 10 cm^ o f 1,2-dimethoxyethane. 
Stirring was continued for 1 hour. The solvent was removed in-vacuo. The resulting 
solid was suspended in 20 ml o f  toluene and filtered to remove the insoluble Nal. The 
filtrate was reduced to 5 ml in-vacuo  and layered with 15 cm^ o f hexane to afford 
white crystals (0.410 g. 0.895 mmol).
Yield: 80 %.
ô(‘H )(C 6 Dè): 7.88 -  6.67 (24 H, m, Ph), 2.31 [3 H, br q, J(B H ) 120.8 Hz, BH 3 ]. 
0('H {"B })(selected)( CeDg): 2.31 [dd, 3H, J(PH ) 14.6 Hz, J(PH ) 3.8 Hz, BT/j]- 
d ("P { 'H })( C(D«): 25.8 (IP , br, PBH 3 ), -14.8 [d, 1 P J(PP) 30 Hz, PPhz].
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5("B { 'H })( CjDê): -30.6 (1 B, br).
E lem ental analysis; C 3 0 H 2 7 BP2  requires C, 78.28; H, 5.91%. Found: C, 76.0; H, 
5.83%.
D U PH O S'BH s, (5) : THF BH 3 (0.013 g, 0.160 mmol) in 5 cm^ o f toluene was slowly 
added to a solution o f DUPHOS (0.050 g, 0.160 mmol) in 5 cm^ o f toluene. Stirring 
was continued for 1 hour. The solvent was reduced in-vacuo and layered with hexane to 
give colourless crystalline material (0.042 g, 0.120 mmol).
Yield: 75%.
ô(^H)(C 6 D 6 ): 7.66-7.06 (4 H, m, Ph), 3.10 (1 H, m, duphos), 2.74 (1 H, m, duphos), 
2.51 (2 H, m, duphos), 2.24 (1 H, m, duphos), 2.90 ( 6  H, m, duphos), 1.41 (10 H, m, 
duphos), 1.01 ( 6  H, m, duphos).
^ ("P { 'H })( C«D«): 47.1 (br, 1 P, PBH 3 ), 2.8 [d, 1 P, J(PP) 23.3 Hz]. 
d ("B { ’H})( CgDe): -36.7 (1 B, br s).
E lem ental analysis: C 1 8H 2 7 P2 B requires C, 68.38; H, 8.61%. Found: C, 6 8 .8 ; H, 
8.27%.
bppp(B H 3 )2 , (6 ): THF BH 3 (0.038 g, 0.446 mmol) in 10 cm^ o f  toluene was slowly 
added to a solution o f bppp (0.100 g, 0.223 mmol) in 10 cm^ o f  toluene. Stirring was 
continued for 1 hour. The solvent was reduced in-vacuo and layered with pentane to 
give colourless crystalline material (0.094 g, 0.198 mmol).
Yield: 89%
Ô('H)(C«D«): 8 .1 3 -6 .8 3  (2 3 H ,m ,P h  + P y ) ,2.23 [6 B , b r q ,  J(B H ) 115.2H z, B % ]. 
0('H {"B })(selected)( Q D t) : 2.23 [d, 6 H, J(PH ) 15.3 Hz, BT/al- 
d(^'P{‘H})( C 6 D 6 >: 19.6(br,PBH3>.
<5("B{'H})( C«D«): -37.4 (1 B, br s).
[(CO)4 C r(ii '-B H 3 -dppm )], (7). [(C0 )4 Cr(nbd)] (0.100 g, 0.390 mmol) and dppm BH 3 
(0.155 g, 0.390 mmol) were stirred in 15 cm^ o f THF for 16 hours at room temperatiue. 
The solvent was removed in-vacuo to leave a yellow solid. Analytically pure material 
was obtained from a toluene-pentane layer (0.140 g, 0.249 mmol). Crystals suitable for
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an X-ray diffraction study were grown by dissolving the solid in minimum toluene and 
storage at -7 0  °C for four days to give yellow crystals.
Yield: 64%.
8 ( 'H )(C 6 D 6 ): 7.30-6.67 (20 H, m, Ph); 2.75 [2 H, dd, y(PH) 9.0 Hz, y(P(BH3 )H) 11.9 
Hz, C % ]; -2.84 [3 H, br d, J(BH) 96.4Hz, BHi],
8 ('H{"B}> (CjDe) (selected): -2.71 [3 H, d, J(PH ) 8.4 Hz, BÆ,]- 
d(’ 'C { 'H })(C 6 D 6 ): 229.1 [d, J(PC) 11.8 Hz, CO trans-P]-, 226.0 [d, J(PC ) 4.5 Hz, CO 
traws-BHj]; 220.5 [d, J(PC) 13.1 Hz, CO cis]; 137.7-126.0 (m, Ph); 30.9 [d, J(PC) 41.7 
Hz, CH 2 ].
d(^'P{'H })(C 6 D«): 58.3 [1 P, d, J(PP) 80.7 Hz, PPH j]; 15.9, (1 P, br s, PBHj). 
<5("B)(C6D6): -41.5 (1 B, s).
E lem ental A nalysis: CzçHisPzOïBCr requires C, 61.95; H, 4.48%. Found: 62.10; H, 
4.88%.
IR  (K B r), V m a x  /cm  ^  2440 (m, BH), 2393 (m, BH), 2019 (s, CO), 1935 (s, CO), 1899 
(vs, CO), 1830 (s,CO).
(CO )4 C r(P M e 3 )(if*-dppm*BH3 ), (8 ): A solution o f PMes (0.003 g, 0.038 mmol) in 
0.380 cm^ o f  THF was added to a solution o f [(C0 )4 Cr(r| ^ -BH3 dppm)], (7) (0.021 g, 
0.038 mmol) in 10 cm^ o f toluene and stirred for 10 minutes to give a yellow solution. 
Solvent was removed in-vacuo to leave a yellow solid.
Yield: 50% by NM R
8(‘H)(C6D6): 7.56-6.72 (20 H ,m ,P h ); 3.71 [2 H, dd, J(PH ) 5.8 H z and J(P(bh3)H) 11.9 
Hz, C % ]; 1.61 [3 H, br d, B % ]; 1.01 [9 H, d, J(PH ) 7.9 Hz, PM cj].
8 ( 'H {"B }) (CtDg) (selected): 1.61 [3 H, d, /(P H ) 15.1 Hz, BHi],
^(’ ‘P{'H })(C 6 D 6 ): 65.6 [1 P, dd, J(PP) 30.4 Hz, /(P(bh3)P) 13.0 Hz, PPHj]; 23.6 [1 P, 
d, /(P P ) 30.4 Hz, PMes]; 14.6, (1 P, br s, PBH 3 ).
<)("B)(C«D6 ): -39.6 (1 B, s).
[(CO)4 M o(ii’-B H 3 'dppm )), (9). [(CO)4Mo(MeCN)3] (0.038 g, 0.126 mmol) and 
dppm BH] (0.050 g, 0.126 mmol) were stirred in 15 cm  ^ o f toluene for 1 hours at room 
temperature. The solvent was removed in-vacuo to leave a yellow solid that was 
washed with pentane and extracted with toluene.
Yield: 20%. by NM R
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«('H X Q D s): 7,98-6.69 (20 H, m, Ph); 2.84 [2 H, dd J(PH ) 8.5 Hz, J(P(bh3)H) 12.6 
Hz, CH 2 Y, -1.12 (3 H, br s, BH 3 ).
ô(‘H{"B}> (C 6 D«) (selected): -1.12 [3 H, d, J(PH ) 9.0Hz, BH 3 ]. 
d ("P { 'H } )(Q D 6 ): 37.2 (1 P, d, J(PP) 82.4 Hz); 16.3, (1 P, br s, PBH 3 ). 
d (" B )(Q D 6 ): -42,4 (1 B, s).
|(CO)3Mn(ii^-BH3 dppm)] [BAn"^ ], (10). NaBAr4  ^ (0.267 g, 0.301 mmol) was 
dissolved in 10 cm^ o f  ether and added to a mixture o f  (CO);M nBr (0.083 g, 0.301 
mmol) and dppm BH 3 (0.120 g, 0.301 mmol) in 20 cm^ o f  CH 2 CI2 , The solution was
Stirred for two days with regular degassing o f the solution to remove the released CO. 
The reaction mixture was filtered to remove the insoluble N aBr to give an orange 
solution. Solvent was removed in-vacuo to leave an orange solid. Crystals suitable for 
an X-ray diffraction study were grown by dissolving the solid in minimum CH 2 CI2  and 
layering with pentane to yield orange crystals (0.183 g, 0.135 mmol).
Yield: 46%.
ô('H )(C D 2 C 1 2): 7.79-7.24 (32 H, m, Ph + BAr4 ’’), 4.99 (1 H, s, BH), 2.90 [2 H, dd 
J(PH ) 10.5 Hz, J(P(bh3)H) 12.5 Hz, C f t ] ,  -9.08 (2 H, br s, BH)). 
0('H{"B})(selected)(CD2Cl2): -9.08 [2 H, d, J(PH) 6.10 Hz, BH].
<5(^'P{‘H})(CD 2 C l2 ): 73.7 [1 P, d, V(PP) 102.1 Hz, PPh;], 15.6 (1 P, br, PBH 3 ). 
<5("B{'H})(CD2C12): 16.7 ( 1  B, br s, BH 3 ), - 5.9 (1 B, s, BAr4 '^ ).
E lem ental analysis: C6 oH3 ?B2 F2 4 P2 Mn requires C, 51.46; H, 2.66 %. Found: C, 51.60; 
H, 2.74%.
IR  (K B r), v«,^/cm-^: 2519 (m, BH), 2070 (s, CO), 2010 (s, CO), 1975 (s, CO).
[(CO)4 M n(ii^-BH 3 *dppm)][BAr4 *^ ], (11). A CH 2 CI2  solution o f  [(C0 )4 Mn(rj^- 
BH 3 dppm)] [BAr^4 ] (0.100 g, 0.074 mmol) was stirred under CO for 15 minutes to give 
a yellow solution. Analytically pure material could not be isolated as a solid since the 
compound lose a carbonyl in-vacuo to give (10). Crystals suitable for an X-ray 
diffraction study were grown layering the CH 2 CI2  solution saturated with CO with CO 
saturated pentane to yield yellow crystals.
ô ('H )(C D 2 C l2 ): 7.78-7.30 (32 H, m, Ph + BAr4 ''), 3.54 [2 H, dd, T(PH) 11.5 Hz, 
T(P(bh3)H) 11.9 Hz, CH 2 ], - 3.74 [3 H, b rd ,J (B H ) 61.4 Hz, BH 3 ]. 
0('H{"B})(seIected)(CD2Cl2): -3.74 [3 H, d, J(PH ) 7.80 Hz, BH].
0(‘H{"B})(190 K)(seleeted)(CD2Cl2): 1.99 (2 H, br, BH), -15.52 (1 H, br, BH).
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^(^^P{^H})(CD2 C l2 ): 55.2 [1 P, d, Hz, J(PP) 54.7 Hz, fPhz], 16.0 (1 P, br, PBHj). 
<5 ("B{^H})(CD 2 C l2 ): - 5.9 (1 B, s, B A r/) , -37.5 (1 B, br s, f f is ) .
IR , Vmax /cm'^: 2498 (m, BH), 2440 (m, BH) 2112 (s, CO), 2053 (s, CO), 2028 (s, CO), 
2000 (s, CO).
[(CO)3 M n(FM e 3 )(îi*-BH 3 *dppm )][B A r/], (12). A solution o f PMcs (0.003 g, 0.038 
mmol) in 0.380 cm^ o f THF was added to a solution o f  [(C0 )3 Mn(r|^- 
BHs dppm)] [BAr^4 ] (0.053 g, 0.038 mmol) in 10 cm^ o f  CH 2 CI2  and stirred for 10 
minutes to give a yellow solution. Solvent was removed in-vacuo to leave a yellow 
solid. The product decomposes over 3 days in solution.
0 (^H{“ B}(CD 2 C 1 2): 7.74-7.25 (32 H, m, Ph + B a r /) ,  3.59 [1 H, ddd J(PH ) 11.3 Hz, 
J(P(BH3 )H) 11.3 Hz, J(H B) 14.9 Hz, CH], 3.31 [1 H, ddd J(PH ) 9.8 Hz, J(P(bh3 )H) 13.1 
Hz, J(HH) 14.9 Hz, CH], 1.26 [ 9 H, d, J(PH) 9.2 Hz], -3.60 [2 H, br d, J(BH) 65.1 Hz, 
B // 3 ].
J(^^P{^H})(CD2 Cl2 ): 55.1 [1 P, virtual t, J(P(bh3 )P) 43.8 Hz, J(PP) 43.8 Hz, PPh 2 ], 15.0 
(1 P, br s, PBH 3 ), 4.0 [1 P, d, J(P?) 43.8 Hz, PM e 3 ].
J("B{^H})(CD 2 C l2 ): - 5.9 (1 B, s, B A r/) , -39.7 (1 B, br s, % ) .
[CpRu(ti^-BH 3 *dppm)][BAr4 *^ j, (13): Dppm BH 3 (0.100 g, 0.251 mmol) was dissolved 
in 10 cm^ CH 2 CI2  and slowly added to a solution o f  [CpRu(M eCN)3 ][BAr4 ]^ (0.289 g, 
0.251 mmol) in 10 cm^ o f  CH 2 CI2 . The solution was stirred for 30 minutes at room 
temperature. The solvent was removed in-vacuo to leave a red solid. The product could 
not be isolated as pure material.
Yield: 70% by NMR.
8 (*H)(CD 2 C l2 ): 8.04-6.55 (32 H, m, Ph + B A r/) ,  4.73 (5 H, s, Cp), 2.95 [2 H, dd. 
J(PH ) 9.6 Hz, J(P(bh3 )H) 11.9 Hz, C //2 ], -10.34 (2 H, br s, B % ).
0(’H{"B}) (selected): 6.07 (1 H, Br s, 'BH), -10.34 (2 H, s, B H 2 ).
^(’ 'P {‘H})(CD 2 C 12): 70.2 [1 P, d, 7(PP) 108.4 Hz, PPh;], 23.4 (1 P, br s, PB H 3). 
d ("B )(C D 2 C l2 ): 26.5 (1 B, br).
[CpRu(n’-H3B'dppm)(/c‘-dppm'BH3)][BAr/], (14): Dppm BH 3 (0.100 g, 0.251 
mmol) was dissolved in 10 cm^ CH 2 CI2  and slowly added to a solution o f 
[CpRu(M eCN)3 ][B A r/]  (0.145 g, 0.125 mmol) in 10 cm^ o f CH 2 CI2 . The solution was 
stirred for 30 minutes at room temperature. The solvent was removed in-vacuo to leave
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a yellow solid  The solid was purified by dissolving it in a minimum amount o f CH 2 CI2  
and layered with pentane.
0 (*H)(CD 2 C l2 ): 7.79-6.74 (52 H, m, Ph + B A r/) , 4.66 (5 H, s, Cp), 3.48 [1 H, ddd 
J(PH ) 14.3 Hz, J(PH ) 11.7 Hz, J(HH) 13.9 Hz, CH\, 3.05 [1 H, ddd J(PH ) 12.1 Hz, 
J(PH ) 7.0 Hz, y(HH) 15.3 Hz, CH\, 2.87 [1 H, ddd J(?H ) 10.5 Hz, J(PH) 6 . 6  Hz, 
J(HH) 15.3 Hz, CH], 2.08 [1 H, ddd J(PH) 14.5 Hz, J(PH ) 8.9 Hz, J(HH ) 13.9 Hz, 
CH], 0.61 (3 H, br s, B // 3 ), - 3.10 (3 H, br s, BH 3 ).
0 (^H{“ B})(selected)(CD 2 Cl2 ): - 0.61 [3 H, dd, J(?H ) 14.2 Hz, J(PH ) 9.7 Hz BH 3 ], - 
3 .10(3  H, br s, B H 3).
<5 (^^P{^H})(CD2 C l2 ): 54.4 [ 1  P, dd, J(P(bh3 )P) 70.3 Hz, J(PP) 36.4 Hz, % ] ,  42.1 [1 P, 
dd, y(P(BH3 )P) 24.5 Hz, J(PP) 36.4 Hz, f P h 2 ], 14.6 (1 P, br s, PB H 3 ), 9.1 (1 P, br s, 
PBH 3 ).
^(^^B{^H})(CD2 C l2 ): - 5.9 (1 B, s, BAr4 ^), -37.2 ( 1  B, br s, B H 3 ) ,  -43.9 (1 B, br s, % ) .
[CpRu(ii^-BH 2 C l*dppm )][B A r/], (15): Dppm BH 2 Cl (0.100 g, 0.231 mmol) was 
dissolved in 10 cm^ CH 2 CI2  and added to a solution o f [CpRu(MeCN)3 ][B ar/]  (0.242 
g, 0.231 mmol) in 10 cm^ o f  CH 2 CI2 . The solution was stirred for 30 minutes at room 
temperature. The solvent was removed in-vacuo to leave a red solid. The product could 
not be isolated as pure material.
Yield: 35% by NMR.
ô(’H )(CD 2 CI2 ): 7.79-6.42 (32 H, m, Ph + B A r/) , 4.70 (5 H, s, Cp), 2.99 [2 H, virtual t 
7(PH) 10.8 Hz, CHi], -10.23 (2 H, br s, B % ).
0 (‘H {"B })(selected)(C D 2 C l2 ): -10.23 [ 2  H, d, J(PP) 7.5, B % ]. 
d(^'P{‘H})(CD 2 Cl2 ): 69.1 [1 P, d, J(PP) 89.8 Hz, fP h ;] ,  17.4 (1 P, br, PBHj). 
d ("B )(C D 2 C l2 ): 38.9 [1 B, br d, J(PB) 106.9 Hz, BHs], -5.9 (1 B, s, BAr^i).
[CpRu(FMe3)(ii*-BH3 -dppm)][PF(;], (16). Dppm BH 3 (0.091 g, 0.230 mmol) was 
dissolved in 1 0  cm^ CH 2 CI2  and added to a solution o f  [CpRu(PM e3 )(MeCN)2 ] [PF«] 
(0 . 1 0 0  g, 0.230 mmol) in 1 0  em^ o f CH 2 CI2 . The resulting solution was stirred for 2
hours at room temperature. The solvent was removed in-vacuo to leave a brown solid. 
Crystals suitable for an X-ray diffraction study were grown by dissolving the solid in
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minimum CH 2 CI2  and layering with pentane to yield yellow crystals (0.076 g, 0.097 
mmol).
Yield: 42%.
ô(‘H )(C D 2 C 1 2 ): 7.69-6.77 (20 H, m, Ph), 4.58 (5 H, s, Cp), 3.73 [1 H, ddd, J(PH) 11.6 
Hz, 7(P(bh3)H) 11.2 Hz, 7(HH) 14.8 Hz, CH], 2.92 [1 H, ddd /(P H ) 7.8 Hz, J(P(bh3)H)
13.6 Hz, J(H H ) 14.8 Hz, CH], 0.97 [9 H, d, J(PH ), 9.2 Hz, PM ej], -3.51 [3 H, br d, 
/(B H ) 81 Hz, BH;].
0('H{"B})(selected)(CD2Cl2): -3.41 (3 H, br s, BH;).
0(‘H{"B})(190K)(selected)(CD2Cl2): 2.42 (1 H, br, BH), 1.39 (1 H, br, BH), -14.85 (1 
H, br s, BH).
<5(’'P{"H})(CD2Cl2): 61.4 [ 1  P, dd, /(P(M«;)P) 42.6 Hz, /(P(bh;)P) 74.0 Hz, fP b ;] , 15.5 
(1 P, br, PB H ;), 2.9 [1 P, d d , , /(P P ) 42.6 Hz, /(P P ) 1.3 Hz, PM e;], -143.1 [1 P, septet, 
/(F P ) 710 Hz, PFe]. 
d ("B )(C D 2 C l2 ): - 43.7 (1 B, br).
E lem ental analysis: C3 3 H 3 9 B F 6 P4 RU requires C, 50.46; H, 5.00 %. Found: C, 50.5; H, 
4.94%.
[CpRu(P(OMe)3)(îi^-BH3 *dppm)][PF6], (17). Dppm BH 3 (0.046 g, 0.116 mmol) was 
dissolved in 1 0  cm^ CH 2 CI2  and added to a solution o f [CpRu(P(OMe)3 )(MeCN)2 ]PF6  
(0.060 g, 0.116 mmol) in 1 0  cm^ o f CH 2 CI2 . The solution was stirred for 2  hours at 
room temperature. The solvent was removed in-vacuo to leave brovm solid. Crystals 
suitable for an X-ray diffraction study were grown by dissolving the solid in minimum 
CH2 CI2  and layering with pentane to yield yellow crystals (0.056 g, 0.067 mmol).
Yield: 58%.
ô('H) (CD2CI2): 7.24-7.02 (20 H, m, Pb), 4.85 (5 H, s, Cp), 3.57[1 H, ddd /(P H ) 12.0 
Hz, /(P(bh 3 )H) 12.2 Hz, /(H H ) 14.4 Hz, CH], 3.51 [1 H, ddd /(P H ) 10.0 Hz, /(P(bh 3 )H)
14.6 Hz, /(H H ) 14.4 Hz, CH], 3.18 [9 H, d, /(P H ) 11.8 Hz, P(OM e);], -3.16 (3 H, br, 
BH;).
0('H{‘‘B})(selected)(CD2Cl2): -3.16 (3 H, s, BH;).
8(‘H {"B})(190 K )(selected)(CD 2 Cl2 ): 2.89 (IH , s, BH), 1.23 (IH , s, BH), -14.03 (1 H, 
s, BH).
d ("P { 'H ])(C D 2 Cl2 ): 154.1 [1 P, d, /(P P ) 66.3 Hz, P(OM e);], 61.3 [1 P, dd, 
/(PP(O M e);) 66.3 Hz, /(PP(bh;)) 69.8 Hz, PPb;], 14.1 (1 P, br, PBH ;), -144. 3 [1 P, 
heptet, J(FP) 710 Hz, PFô].
153
J ("B )(C D 2 C k): - 44.4 (1 B, br).
E lem ental analysis: C 3 3 H 3 9 BF6 P4 RU requires C, 47.56; H, 4.72 %. Found: C, 47.30; H, 
4.65%.
[C p’Ru(ti^-H 3 B *dppm )][B A r/], (18): Dppm BH 3 (0.100 g, 0.251 mmol) was 
dissolved in 10 cm^ CH 2 CI2  and slowly added to a solution o f [Cp’Ru(M eCN)3 ][Bar^4 ] 
(0.269 g, 0.251 mmol) in 1 0  cm^ o f CH 2 CI2 . The solution was stirred for 30 minutes at 
room temperature. The solvent was removed in-vacuo to leave a red solid. The product 
could not be isolated as pure material.
Yield: 72% by NMR.
Ô('H)(CD 2 C 1 2): 7.68-6.65 (32 H, m, Ph + BAr4 '’), 4.51 (2 H, s, C p’), 4.38 (2 H, s, 
Cp’), 2.90 [2 H, dd y(PH) 9.5 Hz, J(P(bh3 )H) 12.2 Hz, C % ], 1.63 (3 H, s, Cp’), -10.10 
(2 H, br s, BH i).
ô('H{"B})(selected)(CD2 Cl2): 5.78 (1 H, br, BH), -10.10 (2 H, s, BH i). 
<5(” P{'H})(CD2Cl2): 69.9 [1 P, d, J(PP) 107.2 Hz, PPh;], 23.4 ( 1  P, br, PBH 3 ). 
<5 ("B )(C D 2 Cl2 ): 24.6 (1 B, br s, BH 3 ), -5.9 (1 B, s, BAr4 *').
[C p’Ru(ti^-H 2 CIB-dppm )][BA r4 ’'], (19): Dppm BH 2 CI (0.100 g, 0.231 mmol) was 
dissolved in 10 cm^ CH 2 CI2  and added to a solution o f  [Cp’Ru(M eCN)3 ][Bar4 ’^ ] (0.247 
g, 0.231 mmol) in 10 cm^ o f CH 2 CI2 . The solution was stirred for 30 minutes at room 
temperature. The solvent was removed in-vacuo to leave a red solid. The product could 
not be isolated as pure material.
Yield: 35% by NMR.
8 ('H )(C D 2 C 1 2): 7.69-6.31 (32 H, m, Ph + BAT4 ''), 4.62 (2 H, s, Cp’), 4.43 (2 H, s, 
Cp’), 2.96 [2 H, dd, J(PH ) 10.1 H z,/(P(bh 3 )H) 11.9 Hz, C % ], 1.79 (3 H, s, Cp’), -9.86 
(2 H, br s, BH i).
S(‘H{"B})(seIected)(CD2Cl2): -9.86 [ 2  H, d, J(PP) 7.80, BHi[. 
a ("P { 'H })(C D 2 C l2 ): 68,7 [1 P, d, J(PP) 89.1 Hz, PPh;], 17.3 (1 P, br, PB H 3 ). 
^ ("B )(C D 2 C 1 2): 36.7 [1 B, br d, J(PB) 124.1 Hz, BH 3 ], -5.9 (1 B, s, BAt4 ’').
[Cp*Ru(n^-BH 3  dppm )] |PF«], (20). Dppm BH 3 (0.118 g, 0.297 mmol) was dissolved 
in 10 cm^ CH 2 CI2  and added to a solution o f  [Cp*Ru(MeCN)3 ] [PFg] (0.150 g, 0.297 
mmol) in 1 0  cm o f CH 2 CI2 . The solution was stirred for 30 minutes at room 
temperature. The solvent was removed in-vacuo to leave a red solid. Crystals suitable
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for an X-ray diffraction study were grown by dissolving the solid in minimum CH 2 CI2  
and layering with pentane to yield red crystals (0.217 g, 0.278 mmol).
Y ield: 94%.
Ô(‘H )(CD 2 CI2 ): 7.76-6.26 (20 H, m, Ph), 2.90 [2 H, dd, J(PH ), 8.9 Hz, 7 (P(bh3 )H) 12.3 
Hz, C // 2 ], 1.60 [15 H, d, J(PH ), 1.7 Hz, Cp*], -9.08 (2 H, br s, B % ). 
0 ( 'H )(C D 2 C l2 )(selected): 5.12 (1 H, s, BH), -9.08 (2 H, br s, BH i). 
<5 (’'P{ 'H })(C D 2 C l2 ): 63.3 [1 P, d, J(PP) 98.3 Hz, PPb;], 18.7 (1 P, br, PB H 3), -144.4 
[1 P, beptet, 7(FP) 710 Hz, PF«]. 
d(“ B)(CD 2 C l2 ): 15.6 (1 B, br).
E lem ental analysis: C 6 7 H 5 2 B 2 F2 4 P2 RU requires C, 53.73; H, 3.50 %. Found: C, 53.71; 
H, 3.48%.
IR  (K B r), Vmax /c m '\  2454 (m, BH).
[C p*R u(PM e 3 )(îi^-BH 3 ‘dppm )][PF 6 ], (21). A solution o f  PMes (0.003 g, 0.038 mmol) 
in 0.380 cm^ o f  THF was added to a solution o f [Cp*Ru(q^-BH 3 "dppm)][PF6 ] (0.030 g, 
0.038 mmol) in 1 0  cm^ o f CH 2 CI2  and stirred for 1 0  minutes to give a yellow solution. 
Solvent was removed in-vacuo to leave a yellow solid. Crystals suitable for an X-ray 
diffraction study were grown by dissolving the solid in minimum CH 2 CI2  and layering 
with pentane to yield yellow crystals (0.026 g, 0.027 mmol).
Yield: 72%.
0 (‘H )(C D 2 Cl2 ): 7.94-6.69 (20 H, m, Ph), 4.06 [1 H, ddd J(PH ) 11.2 Hz, J(P(bh3 )H)
11.2 Hz, y(HH) 15.2 Hz, CH\, 3.12 [1 H, ddd J(PH ) 7.2 Hz, J(P(bh3)H) 14.8 Hz, J(HH)
15.2 Hz, CH\, 1.50 (15 H, s, Cp*), 0.96 [9 H, d, PMeg, J(PH ) 8.4 Hz], -3.39 [3 H, br d, 
J(BH) 66.4 Hz, B //3].
0(^H{“ B})(seIected) (CD 2 CI2 ): -3.39 (3 H, br s, B // 3 ).
0(*H{"B})(190K)(seIected) (CD 2 CI2 ): -14 (1 H, very br s, B //3).
J(^^P{^H})(CD2 C l2 ): 59.1 [1 P, dd, J(P  Me3 P) 41.7 Hz, J(PP) 67.3 Hz, fPhz], 10.6 (1 P, 
br, PB H 3 ), -4.3 [1 P, dd, J(PP) 42.6 Hz, J(PP) 2.3 Hz, PM e 3 ], -144.4 [1 P, heptet, J(FP) 
710 Hz, PFôj.
J(^^B)(CD 2 Cl2 ): -40.2 (1 B, br).
E lem ental analysis: C 3 8 H 4 9 BF6 P 4 RU CH 2 CI2  requires C, 49.81; H, 5.47%. Found: C, 
50.10; H, 5.47%.
IR  (K B r), Vmax /cm ’^  2478 (m, BH), 2374(m, BH).
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[Cp*Ru(CO )(ii^-BH 3 *dppm)][PF 6 ], (22). A CH 2 CI2  solution o f [Cp*Ru(rj^- 
BH] dppm)] [Pp6] (0.100 g, 0.128 mmol) was stirred for 15 minutes under a CO 
atmosphere to give a yellow solution. Solvent was removed in-vacuo to leave a yellow 
microcrystalline material that was washed with pentane to give an analytically pure 
material (0.099 g, 0.123 mmol). Crystals suitable for an X-ray diffraction study were 
obtained by using the [BAr4 ^] salt obtained from [Cp*Ru(rj^-BH3 *dppm)][ B A r/] . 
Yield: 96%.
0(^H)(CD2Cl2): 7.74-7.02 (20 H, m, Ph), 3.82 [1 H, ddd J(PH ) 10.4 Hz, J(P(bh3)H)
11.4 Hz, J(H H ) 15.5 Hz, C //], 3.39 [1 H, ddd J(PH ) 8.0 Hz, J(P(bh3)H) 14.9 Hz, J(HH)
15.5 Hz, CH\, 1.66 [15 H, d, J(PH ) 2.0 Hz, Cp*], -3.01 [3 H, br d, J(BH) 50.3 Hz, 
B //3].
0(^H{"B})(seIected)(CD2Cl2): -3.01 [3 H, d, J(PH), 7.9 Hz, B H 3 ] .  
<5(^^P{^H})(CD2Cl2): 51.6 [1 P, d, J(PP) 58.0 Hz, f P h 2 ], 13.5 (1 P, br, PBH 3), -144.4 [1 
P, heptet, J(FP) 710 Hz, PFô].
^ ("B X C D jC b): -39.3 (1 B, br).
E lem ental analysis: C 3 6 H 4 0 OBF6 P 3 RU requires C, 53.55; H, 4.99 %. Found: C, 53.90; 
H, 5.59%.
IR  (K B r), 2469 (m, br, BH), 2401 (m, br, BH), 1963 (vs, CO).
[Cp*Ru(T] -BH 2 C Fdppm )][B A r4 ^], (25). Dppm BH 2 Cl (0.053 g, 0.122 mmol) was 
dissolved in 10 cm^ CH 2 CI2  and added to a solution o f  [Cp*Ru(M eCN)3 ][BAr^4 ] (0.150 
g, 0.122 mmol) in 10 cm^ o f CH2 CI2 . The solution was stirred for 30 minutes at room 
temperature. The solvent was removed in-vacuo to leave a red solid. Crystals suitable 
for an X-ray diffraction study were grown by dissolving the solid in minimum CH 2 CI2  
and layering with pentane to yield red crystals (0.177 g, 0.116 mmol).
Yield: 95%.
0(*H)(CD2Cl2): 7.86-7.20 (32 H, m, Ph + BAr4 ^), 2.96 [2 H, dd J(PH ) 8.8 Hz, 
J(P(BH3)H) 12.1 Hz, CH 2 I  1.62 [15 H, d, J(PH) 1.7 Hz, Cp*], -8.87 [2 H, br q J(BH) 93 
Hz, B // 2 CI].
0(*H{^^B})(selected)(CD2Cl2): -8.87 (2 H, d, J(PH) 1.7 Hz, BHiCX). 
J(^^P{^H})(CD2 Cl2 ): 64.2 [1 P, d, J(PP) 83.3 Hz, PPh 2 ], 13.4 (1 P, br, PBH 2 CI). 
J(^^B(^H})(CD 2 Cl2 ): 28.7 [1 B, d, J(PB) 120.2 Hz], -5.8 (1 B, s, BAr4 ^).
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E lem ental analysis: C6 7 H 5 1 B 2 CIF2 4 P2 RU requires C, 52.52; H, 3.35 %. Found: C, 
52.70; H, 3.39%.
[Cp*Ru(CO )(ii^-BH 2 Cl*dppm )][BAr4 *^ ], (26). A CH 2 CI2  solution o f  [Cp*Ru(rj^- 
BH 2 Cl-dppm)][BAr^4 ] (0.100 g, 0.067 mmol) was stirred for 15 minutes under a CO 
atmosphere to give a yellow solution. Solvent was removed in-vacuo to leave a yellow 
microcrystalline material that was washed with pentane to give an analytically pure 
material (0.096 g, 0.063 mmol).
Yield: 95%.
ô(‘H )(C D 2 C 1 2): 7.75-6.97 (32 H, m, Ph + BA t4 ''), 3.61 [1 H, ddd. J(PH ) 10.9 Hz, 
# (B H 3)H) 10.9 Hz, /(H H ) 15.5 Hz, CH\, 3.30 [1 H, ddd. /(P H ) 7.7 Hz, /(P(bh3)H) 14.7 
H z ,/(H H ) 15.5Hz,C77], 1.65 [15 H, d ,/(P H ) 2.0 Hz, C p * ] ,-9.47(1 H , b r s ,  BH). 
0('H{“ B}> (selected): 1.85 (1 H, Br s, BH) -9.47 (1 H, s , BH). 
0(‘H{"B})(190K)(selected)(CD2Cl2>: -11.63 (1 H, br, BH). 
d("P{'H}): 50.0 [1 P, d, /(P P ) 44.8 Hz, PPh 2 ], 6.0 (1 P, br, PB H 2 CI). 
d("B): -5.9 (1 B, s, B A r/,) , -18.2 (1 B, br).
E lem ental analysis: C6 8 H 5 1 B 2 CIF2 4 OP2 RU requires C, 52.35; H, 3.29 %. Found: C, 
51.80; H ,3 .19% .
[Cp*Ru(ii^“BH 2 Br*dppm )][BA r4 ^], (27). Dppm-BH 2 Br (0.057 g, 0.122 mmol) was 
dissolved in 10 cm^ CH 2 CI2  and added to a solution o f [Cp*Ru(M eCN)3 ] [BAr4 ]^ (0.150 
g, 0 . 1 2 2  mmol) in 1 0  cm^ o f CH 2 CI2 . The solution was stirred for 30 minutes at room 
temperature. The solvent was removed in-vacuo to leave a red-orange solid. Crystals 
suitable for an X-ray diffraction study were grown by dissolving the solid in minimum 
CH 2 CI2  and layering with pentane to yield red-orange crystals (0.152 g, 0 . 1 0 1  mmol). 
Yield: 83%.
S(‘H )(CD 2 Cl2 ): 8.06-7.18 (32 H, m, Ph -t- BAr4 '^ ), 2.96 [2 H, dd /(P H ) 8.9 Hz, 
/(P(bh3)H) 11.9 Hz, C % ], 1.60 [15 H, d, /(P H ) 1.7 Hz, Cp*], -8.41 [2 H, br q ,/(B H )
96.4 Hz, B % B r].
0('H {"B })(seIected) (CD 2 CI2 ): -8.41 [2 H, d, /(P H ) 7.8 Hz, B % B r]. 
<5 (” P{’H})(CD 2 C l2 ): 64.9 [1 P, d, /(P P ) 84.6 Hz, PPh;], 14.0 (1 P, br, PBHzBr). 
d("'B {'H })(CD 2 C l2 ): 22.2 [ 1  B, d, /(PB ) 127.1 Hz], -5.8 (1 B, s, BAr4 ') .
E lem ental analysis: C6 7 H 5 iB2 BrF2 4 P 2 Ru requires C, 51.04; H, 3.26 %. Found: C, 
50.95; H, 3.21%.
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IR (KBr), V m a x  /cm :^ 2485 (m, BH), 1980 (vs, CO).
[(cod)Rh(i]^-BH2Cl'dppm)] [B A r \] , (28). A mixture o f  [(cod)RhCl]2  (0.062 g, 0.125 
mmol), dppm-BH] (0.100 g, 0.250 mmol) and NaBAr^4 (0.222 g, 0.250 mmol) was 
dissolved in 15 cm  ^ o f CH2 CI2 and stirred for 12 hours. Insoluble NaCl was removed 
by filtration. Solvent was removed in-vacuo to leave a yellow solid. The residue was 
washed with cold toluene to give pure material (0.331 g, 0.220 mmol).
Yield: 8 8 %.
0 (^H)(CD2 Cl2): 7.92-7.36 (32 H, m, Ph + B A r/), 5.88 ( 2 H, Br s, cod), 3.41 (2 H, Br 
s, cod), 3.03 [2 H, virtual t J(PH) 11.5 Hz, CH2 ], 2.47 (4 H, m, cod), 2.31 (4 H, m, 
cod), 0.33 [ 2 H, br, B //2 CI].
0(^H{“ B})(seIected)(CD2Cl2): 0.33 (2 H, ddd, J(RhH) 20.3 Hz, /(PH ) 12.2 Hz, /(PH)
4.7 Hz, B //2CI).
J(^^P{^H})(CD2Cl2): 47.6 [1 P, dd, /(RhP) 140.5 Hz, /(P P) 57.5 Hz, PPh2], 13.0 (1 P, 
brd,/(R hP ) 138.1 Hz, PBH 3).
J(^^B{^H})(CD2 Cl2): -5.9 (1 B, s, B A r/), -11.0 [1 B, d ,/(P B ) 118 Hz].
[(COD)Ir(Ti^-BH3*dppm)][BAr4 *^ j, (29). A mixture o f  [(cod)IrCl] 2  (0.084 g, 0.125 
mmol), dppm BH] (0.100 g, 0.250 mmol) and NaBAr4  ^ (0.222 g, 0.250 mmol) was 
dissolved in 15 cm  ^ o f CH2 CI2 and stirred for 12 hours. Insoluble NaCl was removed 
by filtration. Solvent was removed in-vacuo to leave a yellow solid. Crystals suitable 
for an X-ray diffraction study were grown by dissolving the solid in minimum CH2 CI2 
and layering with pentane to yield yellow crystals (0.254 g, 0.160 mmol).
Yield: 65%.
8 (‘H)(CD 2 CI2): 7.72-7.34 (32 H, m, Ph 4- B A r/), 5.65 ( 2 H, Br s, cod), 3.17 [2 H, 
virtual t /(P H ) 11.5 Hz, CHi], 2.66 (2 H, Br s, cod), 2.30 (4 H, m, cod), 2.13 (4 H, m, 
cod).
8('H{"B})(250K)(selected)(CD2Cl2): 3.97 (1 H, Br s, BH), -2.43 (2 H, br s, B% ). 
d("P{'H })(CD 2 Cl2): 31.2 [1 P, d, J(PP) 62.8 Hz, PPh2 ], 26.3 (1 P, br, PBHj). 
<5(“ B{’H})(CD2C12): -5.9 ( 1  B, s, BAr^), -13.8 [1 B, d, J(PB) 93.3 Hz].
Elemental analysis: C65H49B2p2 4P2 lr requires C, 49.98; H, 3.16 %. Found: C, 49.60; 
H, 2.85%.
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[(MeCN)2 Cu(ii^-BH3 *dppm)][PF6], (30): [(MeCN)4 Cu][PF6] (0.050 g, 0.134 mmol) 
and dppm BH] (0.053 g, 0.134 mmol) were stirred in acetonitrile for 1 hour in a foil 
covered Schlenk. Solvent was removed in-vacuo. Re-crystallisation by addition o f  
diethyl ether affords colourless crystals (0.079 g, 0.115 mmol).
Yield: 86%.
0(*H)(d3 MeCN): 7.82-7.03 (20 H, m, Ph), 3.36 [2 H, dd J(P(bh3)H) 12.8 Hz, J(PH) 8.8 
Hz, CHi], 1.27 [3 H, br d, J(BH) 112.4 Hz, BH^].
0(*H(^^B})(seIected)(d3-MeCN): 1.27 [dd, 3 H, J(PH) 12.4 Hz, J(PH )8.1 Hz, BH]]. 
^(^*P{^H})(d3 -MeCN): 15.2 (1 P, br, PBH]), -15.2 (1 P, br, PPhz).
(^^ ^P{^ H), 190K)(CD2Cl2): 13.0 (1 P, br d, /(PP) 51.5 Hz, PBH]), -15.9 (1 P, br, 
PPhz).
J("B{^H})(d]-MeCN): -38 .6  (1 B, s).
Elemental analysis: C29H]iBCup6N 2P] requires C, 50.56; H, 4.54; N, 4.07%. Found: 
50.50; H, 4.41 ;N , 4.96%.
[Cn(ii'-BH3-dppm)2][PF6], (31): [(MeCN)4 Cu][PF6] (0.050 g, 0.134 mmol) and 
dppm-BH] (0.107 g, 0.268 mmol) were stirred in acetonitrile for 1 hour in a foil 
covered Schlenk tube. Solvent was removed in-vacuo. Re-crystallisation by addition o f  
diethyl ether affords colourless crystals (0.102 g, 0.102 mmol).
Yield: 76%
ô(‘H)(d3 MeCN): 7.85-7.23 (40 H, m, Ph), 3.45 [4 H, dd, J(PH) 12.6, 7(P(bh3)H) 5.9, 
C%], 1.35 (6 H, br, B7Ï3).
0(‘H{"B})(selected)(d3-MeCN): 1.35 [6H , J(PH) 13 .0Hz, J (P H ) 4 . 8 H z,B H 3]. 
d(^'P{'H})(d3 -MeCN): 14.6 (2 P, br, PPb2), -11.8 (2 P, br, PBH 3 ), -143.4 [1 P, beptet, 
J(FP) 710 Hz, PF«]. 
d("B{"H})(d3 -MeCN): -37.6 (2 B, br).
((bipyridyl)Cu(ii'-BH 3 -dppm)][PF6 ], (32): [(MeCN)2 Cu(t|'-BH3 dppm)][PFg] (0.100 
g, 0.145 mmol) and bipyridyl (0.022 g, 0.145 mmol) were stirred in acetonitrile for 15 
minutes in a foil covered Schlenk tube. Solvent was removed in-vacuo to leave a red- 




ô('H)(dj MeCN): 8.42-8.13 (6 H, m, pyridyl), 7.78-7.25 (22 H, m, Ph + pyridyl), 3.65 
[2 H, dd, J(P (bh3)H) 8.7, J(?H) 12.6, C%], 1.38 (3 H, b r , B/Zj). 
ô("H{"B})(selected)(d3-MeCN): 1.38 [3 H, virtual t, 7(PH) 6.4 Hz, BH,]. 
<5(^ 'P{‘H})(d3-MeCN): 15.4 (1 P, br, PBHj), -9.6 (1 P, br, PPbz), -143.4 [1 P, beptet, 
J(FP) 710 Hz, PF«]. 
d("B{‘H})(d3-MeCN): -36.5 (1 B, s).
Elemental analysis: C35H3 3BCUF6N 2P3 requires C, 55.1; H, 4.36; N, 3.67%. Found: 
54.4%; H, 4.28%; N, 4.58%.
[(di-/e/*/-butyl-bipyridyl)Cu(ii^-BH3 *dppm)] [PFô], (31): [(MeCN)2Cu(ri^ -
BH3 dppm)] [PF6] (0.040 g, 0.060 mmol) and di-/grr-butyl-bipyridyl (0.017 g, 0.060 
mmol) were stirred in acetonitrile for 15 minutes in a foil covered Schlenk tube. 
Solvent was removed in-vacuo to leave a dark red solid that was washed with pentane 
to give an analytically pure product (0.050 g, 0.057 mmol).
Yield: 95%.
ô(‘H)(d3  MeCN): 8.33-7.18 (26 H, m, Pb + pyridyl), 3.64 [2 H, dd J(P(bh3 >H) 9.1 Hz, 
J(PH) 12.3 Hz, C % ], 1.64 (br, 3 H, BH3), 1.45 (18 H, s, tert-butyl). 
0 ('H{‘‘B})(selected)(d3-MeCN): 1.64 [3 H, dd, J(PH) 13.5, J(PH) 6.9 Hz, BH,]. 
d(’"P{'H})(d3-MeCN): 15.0 (1 P, br, PBH3), -10.8 (1 P, br, PPbz). 
d(‘‘B{'H})(d3-MeCN): -38.6 (1 B, s).
[(MeCN)Cu(ti’-BH3 -dppm)Cl], (34): CuCI (0.010 g, 0.100 mmol) and dppm BH,
(0.040 g, 0.100 mmol) were stirred for one hour in acetonitrile in a foil covered 
Schlenk tube. Solvent was removed m-vacuo to leave a white solid.
Yield: 89%
ô(‘H)(d3 MeCN): 7.57-7.02 (20 H, m, Pb), 3.44 [2 H, dd, J(P(bh3>H) 8.5, J(PH) 12.8, 
CHz], 1.53 (3 H, br, BH,).
0 ('H{‘‘B})(selected)(d3-MeCN): 1.53 [3 H, virtual t, J(PH) 10.5 Hz, BH,]. 
<5(^ 'P{‘H})(d3-MeCN): 14.8 (1 P, br, PBH,), -17.1 (1 P, br, PPbz). 
<5(‘'B{'H})(d3-McCN): -37.0 (1 B, s).
[(CO)Cu(n’-BH3"dppm)Cl], (35): “Cu(CO)Cl” was synthesised in-situs following 
Floriani et al. method;*’ CuCl (0.020 g, 0.200 mmol) was disolved in 10 cm’ o f THF
and placed under an atmosphere o f carbon monoxide. White crystalline solids
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precipitate from solution. Addition o f Dppm-BH] (0.080 g, 0.200 mmol) under a CO 
atmosphere dissolve the solid producing a colourless solution. Solvent was removed in- 
vacuo to leave a white solid.
ô('H )(d3 MeCN): 7.60-7.09 (20 H, m, Ph), 3.29 [2 H, dd J(P(bh3)H) 8.0 Hz, J(PH) 12.6 
Hz, C% ], 1.50 (3 H, br, BHi).
0 (’H{"B})(selected)(d3-MeCN): 1.50 [3 H, dd, y(P(BH3)H) 13.4 Hz, J(PH) 7.0 Hz, 
B%].
d(” P{'H})(d3-MeCN): 14.7 (1 P, br, PBH3), -16.9 (1 P, br, PPhj). 
d("B{‘H})(d3-MeCN): -37.0 (1 B, s).
IR, v„„/cm"’: 1967 (s, CO).
[(tert-butylblpy)CuCl(Ar*-dppm-BH3)], (36): [(MeCN)Cu(r|'-BH3 dppm)Cl] (0.040 g, 
0.100 mmol) and di-^er^butyl-bipyridyl (0.027 g, 0.100 mmol) were stirred in 
acetonitrile for 15 minutes in a foil covered Schlenk tube. Solvent was removed in- 
vacuo.
5 (’H)(d3 MeCN): 7.81-7.08 (26 H, m, Ph + pyridyl), 3.44 [2 H dd, 7(P(bh3)H) 5.9, 
J(PH) 11.9 Hz, C%], 0.87 (3 H, b r , B/73).
0 ('H{"B})(selected)(d3-MeCN): 0.87 [3 H, br t /(P H ) 8.5 Hz, B/73]. 
^(’‘P{'H})(d3-MeCN): 14.5 (1 P, br, PBH 3), -20.5 (1 P, br, PPhj). 
d("B{'H})(d3-MeCN): -37.9 (1 B, s).
Elemental analysis: C4 3H4 9BCICUN2P2 requires; C, 67.46; H, 6.45; N, 3.67%. Found: 
67.5; H, 6.46; N, 3.85%.
[(cod)Rh(dppbzS)] [BF4 ], (37): [(cod)RhCl] 2  (0.025 g, 0.050 mmol), dppbzS (0.048 g, 
0 . 1 0 0  mmol) and AgBp4 (0 . 0 2 0  g, 0 . 1 0 0  mmol) were dissolved in CH2 CI2 and the 
reaction was stirred for 1 hour. The insoluble AgCl was removed by filtration. The 
solvent is reduced in-vacuo and layered with hexane to afford yellow crystals (0.027 g, 
0.039 mmol).
Yield: 78%
ô('H )(C DC 13):7 .8 5 -7 . 0 6  (20 H, m, Ph), 5.25 (2 H, s, cod), 3.34 (2 H, m, cod), 2.16 (4 
H, m, cod), 2.02 (4 H, m, cod).
<5 (^ ‘P{^H})(CDCl3): 36.7 [1 P, dd, J(PP) 30.9 Hz, J(RhP) 3.7 Hz, PS], 26.7 [1 P, dd, 
J(PP) 30.9 Hz, J(RhP) 147.7 Hz, PPh2].
161
Elemental analysis: C3gH36BF4P2 SRh CH2CI2 requires; C, 54.4; H, 4.45% found: 55.9; 
H, 4.69%.
[(cod)Rh(DuphosS)][BF4 ], (38): [(cod)RhCl]2  (0.010 g, 0.020 mmol), DuphosS (0.014 
g, 0.040 mmol) and AgBp4 (0.008 g, 0.040 mmol) were dissolved in CH2CI2 and the 
reaction was stirred for 1 hour. The insoluble AgCl was removed by filtration. The 
solvent was reduced in-vacuo and layered with hexane to afford yellow crystals (0.014) 
g, 0.016 mmol).
Yield: 81%
ô('H)(CDCI3): 7.79-7.57 (4 H, m, Ph), 5.34 (1 H, m, cod), 5.09 (1 H, m, cod), 4.63 (1
H, m, cod), 4.37 (1 H, m, cod), 3.14-2.91 (1 H, m, duphos), 2.87-2.68 (1 H, m, duphos), 
2.62-1.92 (15 H, m, duphos), 1.89-1.68 (3 H, m, duphos), 1.65-1.40 ( 6  H, m, duphos),
I.18-0.99 ( 6  H, m, duphos).
<5 (’ 'P{‘H})(CDCI3 ): 65.4 [1 P, dd, 7(PP) 19.4 Hz, J(RhP) 3.5 Hz, PS], 37.0 [1 P, dd, 
J(RhP) 139.4 Hz, J(PP) 19.4 Hz, PPhz].
Elemental analysis: C26H4oBF4P2 SRh C2H4 Cl4 requires; C, 41.71; H, 5.50%. Found: 
C, 41.70; H, 5.46%.
[(cod)Ir(dppmS)][BF4], (39): [(cod)IrCl]2  (0.039 g, 0.202 mmol), dppbzS (0.084 g, 
0 . 2 0 2  mmol) and AgBp4 (0.075 g, 0.384 mmol) were dissolved in CH2 CI2 and the 
reaction was stirred for 1 hour. Insoluble AgCl was removed by filtration. The solvent 
is reduced in-vacuo and layered with hexane to afford yellow crystals (0.095 g, 0.155 
mmol).
Yield: 77%.
5(‘H)(CDCl3):7.85-6.67 (20 H, m, Ph), 5.42 (2 H, m, cod), 3.67 [2 H, virtual t, J(PH)
9.8 Hz, C //2], 2.88 (2 H, m, cod), 2.07 ( 6  H, m, cod), 1.81 (2 H, m, cod). 
d("P{'H ])(C D C l3): 63.2 [ 1  P, d, J(PP) 45.7, PS], 30.9 [1 P, d, J(PP) 45.7 Hz, PPh;].
[(cod)Ir(dppbzS)][BF4 ], (40): [(cod)IrCl] 2  (0.129 g, 0.384 mmol), dppbzS (0.184 g, 
0.384 mmol) and AgBp4 (0.075 g, 0.384 mmol) were dissolved in CH2CI2 and the 
reaction was stirred for 1 hour. Insoluble AgCl was removed by filtration. The solvent 




ô('H )(C DC 13):7 .7 8 -6 . 6 5  (20 H, m, Ph), 5.03 (2 H, ra, cod), 2.74 (2 H, m, cod), 2.21 (2 
H, m, cod), 2.05 (4 H, m, cod), 1.74 (2 H, m, cod).
J(^^P{^H})(CDCl3): 26.3 [1 P, d, J(PP) 33.4, PS], 10.7 [1 P, d, J(PP) 33.4 Hz, PPI12].
[Cp*Ru(dppmS)Cl], (41): dppmS (0.023 g, 0.055 mmol) in 10 cm  ^ o f CH2 CI2 was 
slowly added to a solution o f [Cp*RuCl]4  (0.015 g, 0.055 mmol) in 10 cm  ^ o f CH2CI2 . 
the solvent was removed in-vacuo to leave a yellow solid. The solid was dissolved in a 
minimum amount o f  CH2CI2 and layered with pentane to afford yellow crystal suitable 
for a X-ray diffraction studies ( 0.027 g, 0.046 mmol).
Yield: 85%
@('H)(QD«): 7.98-6.47 (20 H, m, Ph), 4.08 [1 H, ddd, J(PH) 7.5 Hz, J(P(s)H) 18.0 Hz, 
J(HH) 13.2 Hz, CH\, 2.98 [1 H, ddd J(PH) 2.3 Hz, J(P(s)H) 8 . 8  Hz, J(HH) 13.2 Hz, 
CH\, 1.42 [15 H, d, J(PH) 1.5 Hz, Cp*].
^(^'P{‘H })( CtDs): 57.7 [1 P, d, /(PP) 49.9 Hz, PPhj], 54.8 [1 P, d, J(PP) 49.9 Hz, PS]. 
Elemental Analysis: C35H3 7CIP2 SRU requires C, 61.08; H, 5.42%. Found: C, 60.60; H, 
5.02%.
[Cp*Ru(M eCN)(dppmS)j, (42): dppmS (0.010 g, 0.023 mmol) in 10 cm  ^ o f CH2CI2 
was added to a solution o f  [Cp*Ru(MeCN)3][Bar^4 ] (0.029 g, 0.023 mmol) in 10 cm  ^o f  
CH2CI2 . the solvent was removed in-vacuo to leave a yellow solid. The solid was 
dissolved in a minimum amount o f CH2 CI2 and layered with pentane to afford yellow  
crystal suitable for a X-ray diffraction studies ( 0.032 g, 0.020 mmol).
Yield: 8 8 %
ô(‘H)(C 6D 6): 7.95-7.09 (20 H, m, Ph), 3.70 (2 H, m, CH), 1.48 [15 H, d, /(PH ) 1.4 Hz, 
Cp*].
d(’ 'P{'H}, 190K)(selected)(CD2Cl2): 3.95 [1 H, ddd, /(PH) 7.5 Hz, /(P(s)H) 8.7 Hz, 
/(HH) 15.4 Hz, CH\, 3.41 [1 H, ddd, /(PH) 5.4 Hz, /(P(s)H) 12.3 Hz, /(H H ) 15.4 Hz, 
CH\.
d("P{'H })( Q D s): 58.8 [1 P, d, /(PP) 52.1 Hz, PPhz], 55.9 [1 P, d, /(PP) 52.1 Hz, PS].
Cycloaddition reactions: typically, methacrolein (0.041 mL, 0.500 mmol) and freshly 
cracked cyclopentadiene (0.050 mL, 0.511 mmol) were successively added to
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[Cp*Ru(Ti^-BH2Br'dppm)][BAr4 ]^ (0.039 g, 0.025 mmol) in 0.5 mL o f CD2CI2 . The 
reaction was followed via NMR by integration o f the formyl hydrogen resonances 
(e.g. Ô 9.68 (IH, s, exo), 5 9.38 (IH, s, endo)).
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Table 1 : Crystal data and structure refinement for compound (1)
Compound dppm BH]
formula C25H25BP2
Mr [g mol^] 398.20
crystal size [mm] 0.45 X  0.25 X  0.20









v r A i 2166.69(5)
z 4
Pcalcd [ S  ] 1.221
/ /  [mm‘*] 0. 209
F(OOO) 840
T[K] 150(2)
? t [ Â ] 0.71073
26  range [°] 3.26 to 27.50
Reflections collected 34005
Data / parameters 4945 / 265
Goodness-of-flt on 1.132
Final R indice [I>2o(I)j R '=  0.0638 wR2 = 0.1586
Largest d iff peak / hole [eÂ'^J 0.725 / -0.489
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Table 2: Crystal data and structure refinement for compound (4)
Compound dppbz-BHs
formula C6 0 H 5 4 B2 P4
Mr [g m ol'] 920.53
crystal size [mm] 0.45 X  0.25 X  0.20











Pcalcd [s cm ] 1.217
[mm '] 0. 189
F(OOO) 1936
T [K ] 150(2)
0.71073
20 range [°] 3.63 to 27.86
Reflections collected 63252
Data / parameters 11650/619
Goodness-of-flt on 1.107
Final R indice [I>2a(I)] R ' =0.0701 wR2 = 0.1625
Largest diff. peak / hole [eA'^] 0.532 / -0.434
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Table 3: Crystal data and structure refinement for compound (5)
Compound DUPH OSBH 3
formula CigH3iBP2
Mr [g m ol‘] 320.18
crystal size [mm] 0 .4 0 x 0 .2 0 x 0 .1 0
crystal colour habit Colourless
Crystal system Orthorhomb ic
Space group P2i2,2,
a [A] 7.15400(10)
b [A l 9.6100(2)
c[A ] 27.5170(6)





Pcalcd [B cm ] 1.124
[mm'*] 0. 223
F(OOO) 696
T [K ] 150(2)
X[Â] 0.71073
26 range [°] 3.55 to 27.45
Reflections collected 16011
Data / parameters 4289 / 197
Goodness-of-flt on 1.042
Final R indice [I>2o(I)] R* = 0.0426 wRz = 0.0848
Largest diff. peak / hole [eÂ'^] 0.281 /-0 .272
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Table 4: Crystal data and structure refinement for compound (6)
Compound bppp'(BH3)2
formula C2 9 H 2 9 B2NP2
M r  [g m ol‘] 475.09
crystal size [mm] 0.35 X  0.28 X  0.23











Pcalcd [g cm'^] 1.225
p  [mm '] 0.187
F(OOO) 1 0 0 0
T[K] 150(2)
MA] 0.71073
26  range [°] 3.27 to 27.47
Reflections collected 22643
Data / parameters 5859/331
Goodness-of-flt on 1.019
Final R indice [I>2a(I)J R ' =  0.0388 w R 2  = 0.0890
Largest diff. peak / hole [eÂ’"*] 0.243 / -0.333
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Table 5: Crystal data and structure refinement for compound (7)
Compound [(C0 )4 Cr(r| *-H3 Bdppm )]
formula C 4 3 H 4 iB C r 0 4 P 2
Mr [g mol*] 746.51
crystal size [mm] 0 .6 0 x 0 .5 0 x 0 .5 0
crystal colour habit yellow
Crystal system triclinic









Pcalcd [§ cm ] 1.275




26 range [°] 3.02 to 27.49
Reflections collected 29380
Data / parameters 8355 /539
Goodness-of-flt on 1.072
Final R indice [I>2o(I)] R '=  0.0452 wRa = 0.1214
Largest diff. peak / hole [eÂ‘^ ] 0.450/-0 .388
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Table 6: Crystal data and structure refinement for compound (10)
Compound [(C0 )3 Mn(T|''-H3 B dppm)] [Bar^4 ]
formula C6oH37B2F24Mn03P2
Mr [g m ol'] 1400.40
crystal size [mm] 0.70 X 0.40 X 0.30
crystal colour habit orange
Crystal system monoclinic
Space group C 2/C
a [A] 25.4630(3)







Pcalcd [ê  cm ] 1.549




26  range [°] 3.22 to 28.68
Reflections collected 34057
Data / parameters 10178/913
Goodness-of-flt on 1.078
Final R indice [I>2a(I)] R1 =0.0602, wR2 = 0.1308
Largest d iff peak / hole [eÂ'"*] 0.588/-0 .670
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Table 7: Crystal data and structure refinement for compound (11)
Compound [(C0 )4 Mn(Ti * -H3 B -dppm)] [Bar*^ 4 ]
formula C6 4 .6 0 H4 5 .5 0 B2  C|0.7oF24Mn04P2
Mr [g mol*] 1505.02
crystal size [mm] 0.35 X 0.28 X 0.23
crystal colour habit yellow
Crystal system orthorhombic









Pcalcd [§ cm ] 1.482




26 range [°] 3.53 to 28.26
Reflections collected 52244
Data / parameters 14338/936
Goodness-of-flt on 1.020
Final R indice [I>2a(I)] R1 =0.0515, wR2 = 0.1154
Largest diff. peak / hole [eA' ]^ 0.532/-0 .416
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Table 8: Crystal data and structure refinement for compound (16)
Compound [CpRu(PMe3 )(ri * -H 3 B dppm)] [PFe]
formula C3 3 H 3 9 BF6 P4 RU
Mr [g m ol‘] 785.40
crystal size [mm] 0 .3 8 x 0 .2 0 x 0 .1 0
crystal colour habit yellow
Crystal system triclinic









Pcalcd [g cm"'] 1.477




26 range [°] 4.26 to 27.58
Reflections collected 61479
Data / parameters 15859/841
Goodness-of-flt on 1.086
Final R indice [I>2o(I)] R ' = 0.0452 wR 2  = 0.1214
Largest diff peak / hole [eÂ'^j 1.647/-1.060
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Table 9: Crystal data and structure refinement for compound (17)
Compound [CpRu(P(0 Me)3 )(r| * -HgBdppm)] [PFg]
formula C3 3 H 3 9 BF6 O3 P4 RU
Mr [g mol*] 833.40
crystal size [mm] 0.55 X  0.25 X  0.15
crystal colour habit yellow
Crystal system monoclinic
Space group P 2 ]
a [A] 15.3670(2)







Pm  [g cm"-*] 1.588




26 range [°] 3.53 to 27.46
Reflections collected 64905
Data / parameters 30222/ 1778
Goodness-of-flt on 0.986
Final R indice [I>2o(I)] R* = 0.0484 WR2  = 0.0896
Largest diff. peak / hole [eÂ‘^ ] 0 .751/-0.913
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Table 10: Crystal data and structure refinement for compound (20)
Compound [Cp*Ru(r|'*-H3 B'dppm)][PF6 ]
formula C36H42BCI2F6P3RU
Mr [g mol*] 864.39
crystal size [mm] 0 .3 0 x 0 .2 0 x 0 .0 1
crystal colour habit red
Crystal system orthorhombic







v r A i 3850.75(12)
z 4





26 range [°] 5.30 to 27.46
Reflections collected 53873
Data / parameters 8731/4 5 9
Goodness-of-flt on 1.076
Final R indice [I>2o(I)] R* = 0.0428 wR 2  = 0.0865
Largest diff. peak / hole [eÂ'^] 0 .496/-0 .519
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Table 11 : Crystal data and structure refinement for compound (21)
Compound [Cp *Ru(PMe3)(Ti ' -H 3 B -dppm)] [PF e]
formula C3 9H 5 1B CI2 F 6 P4 RU
Mr [g mol'] 940.46
crystal size [mm] 0 .3 0 x 0 .3 0 x 0 .1 0











Pcalcd [§ cm ] 1.478




26 range [°] 3.62 to 30.01
Reflections collected 74508
Data / parameters 12316/496
Goodness-of-flt on R' 1.049
Final R indice [I>2o(I)] R ' = 0.0327 wRz = 0.0803
Largest diff. peak / hole [eX‘^ ] 0.866/-1.251
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Table 12: Crystal data and structure refinement for compound (22)
Compound [Cp*Ru(CO)(r| * -HgB'dppm)] [Bar*^ 4 ]
formula C6 8 H 5 2 B2 F 2 4 OP2 RU
Mr [g m ol‘] 1525.73
crystal size [mm] 0 .5 0 x 0 .3 8 x 0 .3 0
crystal colour habit yellow
Crystal system triclinic
Space group P 1








Dcalcd [g cm'"’] 1.433
p, [mm'*] 0.371
F(OOO) 3072
T [K ] 150(2)
X[Â] 0.71073
0 range [°] 2.92 to 31.57
Reflections collected 133944
Data / parameters 45223/1961
Goodness-of-flt on 1.031
Final R indices [I>2a(I)] R1 =0.0453, wR2 = 0.1147
Largest d iff peak / hole [eA'^] 0 .814/-0.958
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Table 13: Crystal data and structure refinement for compound (23)
Compound [Cp*Ru(C0 )(dppmBH 2NCHMe)] [PFe]
formula C3 8 H4 3 BF6NOP3 RU
Mr [g mol*] 848.52
crystal size [mm] 0 .3 0 x 0 .2 5 x 0 .1 8
crystal colour habit Yellow
Crystal system Monoclinic









Dcalcd [g cm'"*] 1.493
p [mm *] 0.604
F(OOO) 1736
T [K ] 150(2)
^[A] 0.71073
0 range [°] 3.67 to 29.57
Reflections collected 62002
Data / parameters 10539/473
Goodness-of-flt on 1.037
Final R indices [I>2a(I)] R1 =0.0311, wR2 = 0.0747
Largest diff. peak / hole [eA'^] 0.943 / -0.772
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Table 14: Crystal data and structure refinement for compound (25)
Compound [Cp*Ru(ri'^-H2 ClB-dppm)][Bar^4 ]
formula C67H51B2CIF24P2RU
Mr [g mol^] 1532.16
crystal size [mm] 0.50 X  0.50 X  0.45
crystal colour habit orange-red
Crystal system triclinic









Dcalcd [g cm’''] 1.529
H [mm '] 0.432
F(OOO) 1540
T [K ] 150(2)
X[k] 0.71073
0  range [°] 3.29 to 33.19
Reflections collected 768934
Data / parameters 24873 / 969
Goodness-of-flt on 1 . 0 2 2
Final R indices [I>2a(I)j R1 =0.0447, wR2 = 0.1148
Largest d iff peak / hole [eÂ’^ j 1.722/-1.115
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Table 15: Crystal data and structure refinement for compound (27)
Compound [Cp*Ru(r|'*-H2 BrB'dppm)][Bar*“4 ]
formula C67H51B2B rF24? 2Ru
Mr [g mol*] 1576.62
crystal size [mm] 0 .4 0 x 0 .3 0 x 0 .1 5
crystal colour habit Yellow-orange
Crystal system triclinic
Space group P 1








Dcalcd [g cm'^] 1.556
H [mm '] 0.981
F(OOO) 1576
T [K ] 150(2)
À[A] 0.71073
0 range [°] 3.27 to 30.51
Reflections collected 73122
Data / parameters 20289/ 1023
Goodness-of-flt on 1.018
Final R indices [I>2a(I)] R1 =0.0447, wR2 = 0.1186
Largest diff. peak / hole [eÂ’^ ] 0.701 /-1.721
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Table 16: Crystal data and structure refinement for compound (29)
Compound [(cod)Ir(ri -HgB dppm)] [Bar'^4 ]
formula C6sH48B2F24lrP2
Mr [g mol'] 1560.79
crystal size [mm] 0.50 X 0.40 X 0.25











Dcalcd [g cm ''] 1.600




0 range [°] 2.98 to 36.61
Reflections collected 73315
Data / parameters 22178/941
Goodness-of-flt on 1.124
Final R indices [I>2a(I)] R1 =0.0459, wR2 = 0.0913
Largest d iff  peak / hole [eA'^] 1.146/-1.918
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Table 17: Crystal data and structure refinement for compound (31)
Compound [Cu(t| * -H 3B dppm)2 ] [BF4 ]
formula C5 0 H5 0 B3 CUF4 P4
Mr [g mol'] 1560.79
crystal size [mm] 0.35 X 0.30 X 0.10











Dcalcd [g cm'^] 1.328




0  range [°] 2.95 to 30.98
Reflections collected 46885
Data / parameters 7475 / 293
Goodness-of-flt on 1.094
Final R indices [I>2ct(I)] R1 =0.0513, wR2 = 0.1255
Largest diff. peak / hole [eÂ'^] 1.094/-0.521
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Table 18: Crystal data and structure refinement for compound (36)
Compound [(^err-butylbipy)CuCl(K*dppm'BH3 )]
formula C46H54 50BCICUN3.50P2
Mr [g mol*] 828.17
crystal size [mm] 0 .2 5 x 0 .1 0 x 0 .0 8
crystal colour habit brown
Crystal system monoclinic
Space group P 2 i/n
a [A ] 24.4380(3)
6 rA i 12.3940(2)
c[A ] 29.2150(5)





Dcalcd [g cm'"*] 1.258




0  range [°] 3.70 to 27.11
Reflections collected 78461
Data / parameters 18928/ 1009
Goodness-of-flt on 1.014
Final R indices [I>2ct(I)] R1 =0.0662, wR2 = 0.1160
Largest d iff peak / hole [eÂ‘^ ] 0.573 / -0.602
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Table 19: Crystal data and structure refinement for compound (37)
Compound [(cod)Rh(dppbzS)] [BF4 ]
formula C4 0 H4 0 B CI4 F4 P 2 Rh S
Mr [g mol*] 946.24
crystal size [mm] 0 .2 5 x 0 .1 3 x 0 .0 8
crystal colour habit yellow
Crystal system triclinic
Space group P 1








Dcalcd [g cm'"*] 1.533
p [mm *] 0.865
F(OOO) 960
T [K ] 150(2)
^[A] 0.71073
0  range [°] 2.91 to 27.49
Reflections collected 28729
Data / parameters 9135 /497
Goodness-of-flt on 1.030
Final R indices [I>2a(I)] R1 =0.0494, wR2 = 0.1223
Largest d iff peak / hole [eÂ'^] 0.948 / -0.884
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Table 20: Crystal data and structure refinement for compound (39)
Compound [(cod)Ir(dppmS)] [BF4 ]
formula C33H34BF4lrP2S
Mr [g mol'] 803.61
crystal size [mm] 0.33 X  0.08 X  0.05
crystal colour habit yellow
Crystal system monoclinic









Dcalcd [g cm'"*] 1.758




0  range [°] 3.03 to 27.47
Reflections collected 22450
Data / parameters 6919 /379
Goodness-of-flt on 1.039
Final R indices [I>2a(I)] R1 =0.0360, wR2 = 0.0849
Largest diff, peak / hole [eÂ‘^ ] 1.475/-3.312
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Table 21: Crystal data and structure refinement for compound (40)
Compound [(cod)Ir(dppbzS)] [BF4 ]
formula C4 0 H4 0 B C l4 F4 lrP2  S
Mr [g mol'] 1035.53
crystal size [mm] 0.50 X 0.40 X 0.25
crystal colour habit yellow
Crystal system triclinic
Space group P 1
a [Â ] 9.76100(10)
è[Â ] 10.87000(10)
c[Â ] 19.7640(2)





Dcalcd [g cm'"*] 1.697




0  range [°] 3.73 to 37.01
Reflections collected 60889
Data / parameters 20317/478
Goodness-of-flt on 1 . 1 2 0
Final R indices [I>2a(I)] R1 =0.0475, wR2 = 0.1322
Largest diff. peak / hole [eÂ'^] 2.927 / -4.784
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Table 22: Crystal data and structure refinement for compound (41)
Compound [Cp*RuCl(dppmS)]
formula C3 5 H 3 7 CIP2RUS
Mr [g mol*] 688.17
crystal size [mm] 0.25 X 0.13 X 0.08
crystal colour habit yellow
Crystal system monoclinic
Space group P 2 i/n








D calcj [g cm'"'] 1.441
H [mm '] 0.769
F(OOO) 1416
T [K ] 150(2)
X[k] 0.71073
0  range [°] 5.51 to 27.48
Reflections collected 20330
Data / parameters 7 119 /366
Goodness-of-flt on 0.984
Final R indices [I>2cj(I)] R1 = 0.0463, wR2 = 0.0843
Largest diff. peak / hole [eÂ'^] 0.706 / -0.699
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Table 23: Crystal data and structure refinement for compound (42)
Compound [Cp*Ru(MeCN)(dppmS)] [B A r/]
formula C6 9 H 5 2BF2 4 NP2 RU S
Mr [g m ol‘] 1557.00
crystal size [mm] 0 .3 0 x 0 .3 0 x 0 .2 0
crystal colour habit yellow
Crystal system triclinic
Space group P 1
a[Â ] 12.4450(2)
b[ A] 16.5380(3)






Dcalcd [g cm’"*] 1.539
p [mm '] 0.421
F(OOO) 1568
T [K ] 150(2)
^[A] 0.71073
0  range [°] 3.64 to 27.33
Reflections collected 40273
Data / parameters 14844/ 1007
Goodness-of-flt on 1 . 1 2 0
Final R indices [I>2a(I)] R1 = 0.0406, wR2 = 0.0977
Largest diff. peak / hole [eA’^ ] 0.640 / -40.692
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